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Physical phenomena such as adhesion and friction are widely-
spread in biological systems. They rely on a combination of
various mechanisms (Figure 1). Since living creatures move on
land, in air and in water, there are numerous mechanical interac-
tions between their body surfaces and the environment. More-
over, the motion of cells and tissues inside their bodies is an
important part of developmental processes, circulation, respira-
tion, excretion, and any other kind of motility. All these
processes rely on adhesion and friction and are continuously
under evolutionary pressure, which has contributed to the
appearance of highly-specialized surfaces adapted to the
enhancement, reduction, or optimization of their frictional and
adhesive behavior. The study of these adaptations may also
provide inspirations for the design of biologically-inspired arti-
ficial surfaces.

The majority of books which discuss the biomechanics of
contact phenomena are restricted to selected few model systems
most of which deal with materials of the human body or
implants. However, a human is only one among millions of
living species of organisms, and interesting adhesion- and fric-

tion-related contact problems can be found everywhere in bio-
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Figure 1: Different physical phenomena contribute to adhesion and
friction in biological systems. From left to right: intermolecular van der
Waals (vdW) interactions, chemical bonding, capillary interactions,
mechanical interlocking, suction forces, diffusion of one surface ma-
terial into the other contacting material, and electrostatic and magnetic
forces. 8" and &~ illustrate the instantaneous formation of dipoles, R
the curvature of the meniscus, p the pressure, and N and S the north
pole and south pole, respectively. Reproduced with permission from
[1]. Copyright 2014 Annual Reviews.
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logical systems. Different types of cells, insect feet, snake skin,
plant traps, and bird wings are just a few striking examples of a
tremendous diversity of biological surfaces and systems with
remarkable contact behavior about many of which our knowl-
edge is limited compared to medically relevant biotribosystems.

Since the 90s a large number of studies have been published
which focus on the biotribology and the bioadhesion in various
biological systems. The research on frictional and adhesive
properties of very diverse biological surfaces and interfaces
became a broad research field at the boundary between physics
and biology. Modern experimental approaches combine a
variety of microscopy methods, such as light microscopy,
white-light interferometry, TEM, SEM, cryo-SEM, and AFM,
with force measurement techniques at the macro-, micro- and
especially at the nanoscale. This Thematic Series is a collection
of experimental and theoretical studies which range from insect
adhesion, bacterial adhesion and skin friction to artificial
biomimetic systems, e.g., snake-skin inspired polymer patterns
or gecko tape. The Thematic Series does not attempt to give a
comprehensive overview of the emerging field of biological
contact mechanics. Rather, it is composed of a sequence of
contributions devoted to recent developments within this field.
The articles highlight recent achievements in the understanding
of contact phenomena in biology. They also detail the process
of transferring these findings into technical materials and

surfaces.

Additionally, numerous experimental methods for the character-
ization of the tribological properties of biological surfaces at
macro-, micro-, and nanoscale levels are demonstrated in this
Thematic Series. This compilation of articles is an example of
interdisciplinary science as it combines approaches from
biology, physics, engineering, tribology and materials science.
The articles of this Thematic Series are intended to be of
interest to both engineers and physicists who work with bio-
logical systems as well as to biologists who study the physics of
friction and adhesion.

We would like to thank all the authors for contributing their
beautiful work to this Thematic Series! Moreover, we are grate-
ful to all referees for their promptly provided reports which
facilitated the high quality of the manuscripts and also allowed
us to publish in a timely manner. Finally, we thank the Editorial
Office at the Beilstein-Institut for their continuous great
support.

Stanislav N. Gorb and Kerstin Koch

Kiel and Kleve, July 2014
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Abstract

The aim of this study was to understand the influence of microstructures found on ventral scales of the biological model,
Lampropeltis getula californiae, the California King Snake, on the friction behavior. For this purpose, we compared snake-inspired
anisotropic microstructured surfaces to other microstructured surfaces with isotropic and anisotropic geometry. To exclude that the
friction measurements were influenced by physico-chemical variations, all friction measurements were performed on the same
epoxy polymer. For frictional measurements a microtribometer was used. Original data were processed by fast Fourier transforma-
tion (FFT) with a zero frequency related to the average friction and other peaks resulting from periodic stick-slip behavior. The data
showed that the specific ventral surface ornamentation of snakes does not only reduce the frictional coefficient and generate
anisotropic frictional properties, but also reduces stick-slip vibrations during sliding, which might be an adaptation to reduce wear.
Based on this extensive comparative study of different microstructured polymer samples, it was experimentally demonstrated that
the friction-induced stick-slip behavior does not solely depend on the frictional coefficient of the contact pair.

Introduction

The absence of extremities in snakes has strong tribological
consequences for the material of their skin. The ventral body
side of the snake is in continuous contact with the substrate.
Therefore ventral scales must have optimized frictional prop-
erties. In order to generate propulsion during locomotion high

friction and to slide along the substrate low friction must be

generated [1]. Additionally, a minimum abrasion rate is neces-
sary to enable long lasting optimal frictional properties [1].
Thus, to facilitate effective locomotion, the ventral body surface
needs to possess anisotropic frictional properties, which can
originate from macroscopic structures [2,3] such as the overlap-

ping scales. The arrangement of scales provides the possibility
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of interlocking between their edges and asperities of the sub-
strate. Also microscopic structures of the skin scales, so called
microornamentation [1,4-13], and specific adaptations of the
material architecture of the skin, like highly ordered embedded
fibers [14], which can potentially influence material properties
[15,16], might contribute to the frictional anisotropy.

The role of microornamentation in frictional properties of the
snake skin was extensively examined [2,3,9,11,12]. We previ-
ously showed a strong influence of the stiffness of the under-
lying layers of the epidermis on the anisotropic frictional prop-
erties of the skin [17]. This finding demonstrates “snake skin”
as a highly complex frictional system with numerous variables
influencing its frictional properties. The surface of the ventral
scale of the snake Lampropeltis getula californiae (Figure 1a)
was previously examined in detail by scanning electron micro-
scope (SEM) (Figure 1b). Based on this morphological data
[17], snake-inspired microstructured polymer surfaces (SIMPS)
[18] were developed (Figure 1c). Such an implementation of the
surface geometry, similar to biological microstructures of the
snake, into a mechanically and chemically well-defined poly-
meric material, epoxy resin [19], enabled us a comparable and
reproducible investigation of the influence of the surface micro-
structure on the frictional properties.

Beilstein J. Nanotechnol. 2014, 5, 83-97.

In order to gain insight in the influence of the snake-inspired
anisotropic surface topography, additional surface topographies
were investigated. The frictional coefficient of these surfaces
and their stick-slip behavior were compared with those of
SIMPS. The phenomenon of stick-slip is known to influence
friction as well as abrasion and thus is important for technical
contact surfaces. Stick-slip motion, the quasi-periodic
“sticking” and “slipping” of the contacting surfaces under rela-
tive motion, can be often observed on dry, non-lubricated
contacts [20-24].

The dimensions, in which this phenomenon occurs, can vary
from macroscopic to atomic ones. The underlying physical
effects range from the interlocking of surface asperities to van-
der-Waals force [22-26]. Stick-slip is hard to describe, because
it is affected by multiple geometrical and physical parameters of
both frictional partners influencing the resonance frequency and
its dampening. In most technical systems, the stick-slip
phenomenon is unwanted, because it leads to vibrations, some-
times with acoustic emissions, to an increase in abrasion and to
stronger energy dissipation, to an increase in maintenance costs
of industrial facilities due to (1) the higher need of lubricants,
(2) the replacement costs of machine parts, and (3) the loss of
productivity due to maintenance. However, the presence of the
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Figure 1: From snake skin to SIMPS. a) Photograph of L. g. californiae , the California King Snake; b) SEM micrograph of a ventral scale of L. g.
californiae; c) SEM micrograph of the snake-inspired microstructured polymer surface — SIMPS. Scale bars: 10 um. 3-dimensional image of d) snake

skin from L. g. californiae and e) SIMPS based on AFM data.
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stick-slip phenomenon might be also welcome in a small
number of applications, like in playing the violin by moving the
bow over the strings and inducing stick-slip-based vibrations of
the strings [23,25,26].

In order to describe the frictional behavior in our frictional
system, we have chosen an experimental setup with a limited
number of variables. Using a microtribometer frictional prop-
erties were characterized by measuring tangential and normal
force for the relative motion of a smooth glass ball (diameter
1 mm) brought into contact with nominal flat surfaces. The fric-
tional counterpart (substrate) was kept constant, enabling us to
investigate the influence of different surface topographies of
polymer samples on the stick-slip phenomenon and on the fric-
tional behavior in general. The different types of samples bear
microstructures in comparable dimensions to those of the snake
skin. Each selected type of microstructure is used to investigate
the influence of certain features of snake scales responsible for
specific frictional behavior.

Results

In order to characterize the influence of surface topography on
frictional properties frictional measurements on differently
microstructured polymer surfaces were performed. In this study
we used randomly rough surfaces (RRS) with isotropic rough-

ness. By contrast, periodical groove-like polymer surface

Beilstein J. Nanotechnol. 2014, 5, 83-97.

(PGMS) consisted of equal lines and spaces with well-defined
pitch lengths. The geometry of the microstructures on polymer
molds of L. g. californiae (PMLG) from ventral scales of the
snake are regular tooth-like shaped and caudally oriented
(parallel to the snake’s body axis). The microstructure of the
snake-inspired microstructured polymer surface (SIMPS) can be
abstracted as a geometrical combination of parallel lines (the
denticulations), which are periodically interrupted by the
elevated tips. This microstructure possesses similar shapes and
dimensions of those of the biological model, the microornamen-
tation of the ventral scales of L. g. californiae. Detailed infor-
mation on the investigated surfaces is listed in Table 1.

Stick-slip behavior of periodical groove-like
polymer surface (PGMS)

The results obtained of the FFT offer the possibility to deter-
mine the mean frictional coefficient based on the signal’s bias,
which is determined as the amplitude of the zero-frequency. For
the PGMS, these results are listed in Table 2.

Frictional measurements performed perpendicular to the orien-
tation of the microstructures of the PGMSs showed a wide
variety of frictional responses (Figure 2). The surface with a
pitch dimension of 5 pm shows a dominant frequency at
12.2 Hz, which, at the used speed of 50 um/s, corresponds to a

wavelength of 4.1 um (Figure 2b). A comparable correlation

Table 1: Surface roughness (Ra) of all investigated polymer surfaces. "On line" roughness was measured on top of the line, along the microstructure.

A: pitch dimension. SD: standard deviation.

Sample Rg [um] SD
Periodic groove-like microstructure PGMS - A: 5 um 0.18 0.02

Periodic groove-like microstructure PGMS - A: 25 ym 4.95 0.37

Periodic groove-like microstructure PGMS - A: 50 pm 21.75 0.26

Periodic groove-like microstructure PGMS - A: 100 ym 42.50 1.47

Periodic groove-like microstructure PGMS - on line 0.03 0.01
Randomly rough surface RRS - 0.3 ym 0.23 0.00

. Randomly rough surface RRS - 1 ym 0.41 0.01
H Randomly rough surface RRS - 3 ym 1.1 0.11
~ Randomly rough surface RRS -9 ym 2.39 0.07
Randomly rough surface RRS - 12 ym 7.64 0.13

E Polymeric mold of L. g. californiae PMLG 0.09 0.04
E . Snake-inspired microstructured surface SIMPS 0.10 0.13
H Smooth surface Smooth surface 0.02 0.01
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Table 2: Mean frictional coefficients (u) of periodical groove-like polymer surface — PGMS determined by the zero-frequency of the FFTs and stan-
dard deviation (SD). A: pitch dimension.

Frictional coefficient in direction of measurement relative to orientation of microstructure:
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Figure 2: Results of frictional measurements on periodical groove-like polymer surface — PGMS perpendicular to the orientation of the microstructure.
Left column, frictional signal in the spatial/time domain. Right column, frictional signal in the frequency domain after FFT; the ordinate shows the
single-sided amplitude spectrum — SSAS. PGMS pitch dimension: a,b) 5 ym, ¢,d) 25 ym, e,f) 50 pm and g,h) 100 ym.
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between the microstructure’s pitch dimension and the domi-
nating frequency can also be found for all other PGMS
(Figure 2d,f,h). Superimposed harmonic oscillations can be
found for pitch dimensions of 25 pum and 100 pm (Figure 2d,h).
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With the measurement direction rotated by 90°, we found
completely different results for the frequency analysis
(Figure 3). For the smallest and the second smallest pitch
dimensions (5 pm and 25 pum, respectively) no dominant
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Figure 3: Results of frictional measurements on periodical groove-like polymer surface — PGMS parallel to the orientation of the microstructure. Left
column, frictional signal in the spatial/time domain. Right column, frictional signal in the frequency domain after FFT; the ordinate shows the single-
sided amplitude spectrum — SSAS. PGMS pitch dimension: a,b) 5 ym, c,d) 25 ym, e,f) 50 ym, g,h) 100 pm.
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frequency was found (Figure 3b,d). A correlation to the pitch
dimension was found for the PGMS with a structural wave-
length of 50 pm, nevertheless the amplitude of the frequency
spectrum was quite low (Figure 3f). Similar low amplitudes
were found for the PGMS 100 pm, but the observed frequen-
cies do not directly correlate with the microstructure dimension
(Figure 3h).

Comparison of the frictional behavior in different sliding direc-
tions within each dimension of pitches, showed a strong fric-
tional anisotropy and strong variation in the occurrence of stick-
slip induced vibrations, especially at pitch dimensions of 5 um
and 25 pm. For the smallest dimension of PGMS, less vibra-
tions and a lower frictional coefficient occurred at parallel
direction of measurement, if compared to the perpendicular
direction (Table 2; Figure 2b; 3b). For the PGMS with a struc-
tural wavelength of 25 um, the vibration frequency in the
parallel direction was also reduced, but the frictional coeffi-
cient in this direction was higher, than in the perpendicular
direction (Table 2; Figure 2d; 3d). The results obtained on the
other PGMS dimensions (50 um and 100 pm) do not allow a
clear statement on the stick-slip behavior, but a variation in the
frictional coefficient between the directions of measurement
were found as well (Table 2; Figure 2f,h; Figure 3f,h).

Stick-slip behavior of randomly-rough

surfaces (RRS) with different grain size

The frictional measurements on RRS showed a strong influ-
ence of the surface roughness on the frictional coefficient. A
minimum in friction was measured on a surface with grain size
of 9 um (Table 3). In the frequency domain, the amplitude of
dominant frequencies are medium (maximal amplitude:
0.015-0.025) (Figure 4b,d) for the smaller grain size, and strong
(Figure 4f,h) to very strong (Figure 4j) (maximal amplitude:
>0.025) for the bigger grain sizes.

Stick-slip behavior of epoxy molds of ventral
snake scales (PMLG)
The frictional measurements on polymer molds from ventral

scales of L. g. californiae (PMLG) showed anisotropic fric-

Beilstein J. Nanotechnol. 2014, 5, 83-97.

tional properties. The measurement along the microstructure,
corresponding to the forward motion of a snake, resulted in a
frictional coefficient of 0.31 &+ 0.02. In opposite direction, this
coefficient was significantly higher (0.32 = 0.01). Comparison
of results obtained in these sliding directions to those obtained
in the lateral direction demonstrated the pronounced frictional
anisotropy (p lateral: 0.36 £ 0.02). The occurrence of stick-slip
behavior was minimal (maximal amplitude: <0.01) for the
forward (Figure 5b) and backward (Figure 5d) directions,
whereas it was slightly stronger (maximal amplitude:
0.015-0.025) (Figure 5f) for the lateral direction. For all
measured directions on this type of microstructured surface, no
dominant frequency was detected.

Stick-slip behavior of snake-inspired

microstructured polymer surface (SIMPS)

The frictional measurements on SIMPS show a low frictional
coefficient of 0.17 = 0.00 along the microstructure and a higher
one of 0.25 + 0.01 in the opposite and in the lateral direction of
0.25 + 0.01. The detected dominant frequency after performed
FFT (Figure 6b) corresponds to a wavelength of 2.9 um which
correlates with the distance between two rows of snake-inspired
finger-shaped microstructures (Figure 1c,e).

The frictional measurements on the mold of a smooth surface
showed an erratic frictional behavior with a medium frictional
coefficient of 0.32 + 0.01 (Figure 6g,h).

Discussion

We used FFT to analyze signals obtained from frictional
measurements. It allowed us to gain the average frictional coef-
ficient and information on both the dominating frequencies and
amplitudes of the frictional signal. Therefore, we were able to
investigate in great detail the variations in the frictional behav-
ior depending on the surface topography.

Our data did not confirm the previous statement (e.g., [27,28])
that a low frictional coefficient correlates with no or a minimal
occurrence of stick-slip behavior. The contact pairs with the
lowest frictional coefficients showed in the frequency spectrum

Table 3: Mean frictional coefficients of randomly-rough surfaces — RRS determined by zero-frequency of the FFTs curve.

Sample Frictional coefficient
g

RRS - 0.3 pm 0.27

RRS -1 ym 0.26

RRS -3 ym 0.20

RRS -9 ym 0.19

RRS - 12 ym 0.24

SD

0.01
0.00
0.01
0.00
0.01
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Figure 5: Frequency analysis of frictional coefficients measured on molds of snake skin (L. g. californiae) - PMLG. Left column, frictional signal in the
spatial/time domain. Right column, frictional signal in the frequency domain after FFT; ordinate shows single-sided amplitude spectrum - SSAS.
Measurement direction: a,b) along the microstructure, c,d) against the microstructure and e,f) lateral to the microstructure.

maximal amplitudes between 0.010—0.025, not minimal stick-
slip amplitudes (maximal amplitude: <0.010), as expected.
Substrates that showed almost no stick-slip behavior had
medium to high frictional coefficients.

The stick-slip phenomenon is very important for technical
surfaces under tribological stress, but only little understood and
hard to quantify and control. There are many approaches to
optimize frictional properties of surfaces and to affect the
occurrence of stick-slip, e.g., (1) wet or solid lubrication, (2)
additional application of dampening polymers, (3) use of
specific microstructures or (4) application of vibrations (e.g.,
[23,29]).

The application of small amplitude vibrations perpendicular to
the sliding direction is a remarkable approach to eliminate stick-
slip. This mechanical control of the frictional system is aimed at

reducing the frictional coefficient and to reduce or to eliminate

stick-slip motion by stabilization of the relative motion of the
sliding partners [23,28-30]. Applying vibrations normal to
sliding directions can modulate the real contact area between
sliding partners like microstructured surfaces, meaning external
vibrations lead to a "virtual" surface roughness and are thereby

able to influence frictional properties in a comparable way.

Reducing friction-induced instabilities by active dampening is
advantageous due to simple controllability and adaptability to
changing system properties, e.g., changing temperature. The
resulting reduction in stick-slip motion can be caused by the
interference of the induced vibrations with the stick-slip motion
of the sliding surfaces and the externally applied vibrations
normal to the sliding direction.

A similar effect can be reached by the application of

microstructures to the sliding surfaces. The microstructure

results in a continuous and defined periodical forming and
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Figure 6: Frequency analysis of the frictional coefficient measured on snake-inspired microstructured polymer surface - SIMPS (a—f) and smooth
surface (h,i). Left column, frictional signal in the spatial/time domain. Right column, frictional signal in the frequency domain after FFT; the ordinate
shows the single-sided amplitude spectrum - SSAS. Measurement direction: a,b) along the microstructure, ¢,d) against the microstructure and e,f)
lateral to the microstructure, g,h) on smooth surface.

method to reduce stick-slip motion without the need of an
external oscillator [23,27,31-33]. Due to the fact that frictional

properties in general and stick-slip behavior in particular also

breaking of contact, which can be a source for discrete occur-
ring oscillations and thereby specific frequencies within a fric-
tional signal. By optimizing the dimensions of the microstruc-

ture and specific vibrations induced in this way, this could be a  strongly depend on material properties of the sliding partners,
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the optimal stick-slip reducing dimension of microstructures
must be engineered for every single technical application.
Nevertheless, it could be a very effective way to reduce fric-
tional energy loss and friction-induced wear.

In the present paper, systematic investigation of the influence of
different types of geometry and dimensions of the microstruc-
ture on frictional coefficients and the stick-slip behavior, we
made following observations. Sliding perpendicular to the
PGMS is a proper way to induce vibrations with discrete
frequencies (Figure 2). Based on the fact that every dry fric-
tional system is confronted by the stick-slip motion of sliding,
flat, solid surfaces [23,25], the use of microstructures like
PGMS oriented perpendicular to the sliding may be a promising
way to reduce stick-slip and tune the frequency of stick-slip

motion by varying the microstructure dimensions.

In order to interpret the results obtained on PGMS it is neces-
sary to take a closer look at relative dimensions between the
pitch size of the microstructure and the glass ball as the counter-
part. Calculated penetration depths of the glass ball into the
microstructures, based on geometry only are listed in Table 4.

It is necessary to notice that the spatial resolution of the
microtribometer for cantilever deflection in normal direction is
too low to detect the deflection on microstructures with pitch
dimensions of 5 um and 25 pm (penetration depth: 0.002 um
and 0.039 pm, respectively, for details see Table 4). One ex-
planation why we were nevertheless able to observe distinct
frequencies in the frictional signal within these dimensions
could be the periodic variation in the real contact area during
sliding perpendicular to the microstructure. These periodic
changes in the real contact area cause variations in critical stic-
tion length as reported in Yu and Wang (2012) [34]. Presuming
this assumption is right, we were able to detect the stiction
length measured perpendicular to the microstructure on PGMS
with pitch dimensions of 5 pm and 25 pm. The observed
frequencies measured perpendicular to the large-scale
microstructures (PGMS pitch dimensions of 50 um and
100 um) can be induced by a combination of the interlocking
phenomenon between the frictional partners and the variation of
real contact area.
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Sliding along the PGMS shows a more chaotic frictional behav-
ior with no distinct single frequencies within the frictional
signal. Statistic analysis of these data showed only a significant
difference in between the biggest and the smallest pitch
dimensions (p < 0.001, one way ANOVA followed by the
Holm—Sidak method).

Dealing with the results of friction measurements perpendicular
and along the microstructures, one could assume that the influ-
ence of the interlocking phenomenon on the frictional coeffi-
cient is rising with increasing pitch dimensions. However, our
experimental setup showed that reduced stick-slip motion does
not mandatorily correlate with a low frictional coefficient. For
example, frictional measurements parallel to the small-sized
microstructure showed very little stick-slip motion, but a rela-
tively high frictional coefficient (Figure 3a—d). Bigger dimen-
sions of the microstructure caused a decrease of the frictional
coefficient, but an increase in the amplitude of the stick-slip-
induced vibrations (Figure 3g,h).

Frictional measurements on RRS showed similar results
regarding the non-discrete frequencies within the frictional
signal. Consistent with the results for the PGMS, the lowest
frictional coefficient did not correlate with a minimal stick-slip
motion. Results for frictional measurements on polymeric
molds from a living snake (PGLG) showed comparatively high
frictional coefficients independent of measurement directions,
but none the less, evident frictional anisotropy. Compared to
other measured surfaces mentioned above, the stick-slip motion
was reduced here, and the frictional coefficients increased. We
concluded from these findings, that the anisotropic frictional
properties of snake skin [17] cannot be simply be copied by
producing polymeric replicas of the original snake surface. The
frictional coefficient of snake skin is not only influenced by the
surface microstructure but by multiple parameters [17,35]. Fric-
tional measurements on SIMPS showed anisotropic frictional
properties and quite different types of stick-slip behavior
(Figure 6) in the measurements along the microstructure,
showing the lowest frictional coefficient and moderate occur-
rence of stick-slip. The similarity in the reduction of stick-slip-
motion in PMLG and SIMPS led us to conclude, that this phys-
ical phenomenon is influenced by surface microstructures. The

Table 4: Penetration depths of the glass ball into the periodical groove-like polymer surface — PGMS at different pitch dimensions based on geometry
only. The calculated values, which lay beyond the system’s resolution in vertical direction (cantilever deflection in vertical direction, smaller 50 nm),

are shown in italics.

PGMS - 5 ym

Penetration depth [um]  0.002 0.039

PGMS - 25 pm

PGMS - 50 um PGMS - 100 um

0.156 0.625
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cause for this effect is possibly the periodicity of the micro-
structure, which can influence the critical stiction length during
sliding, as reported by Yu and Wang (2012) [34]. Due to the
fact, that snake skin has to fulfill multiple functions it can be
assumed, that the tribological optimization is related to multiple
physical phenomena, meaning the surface modifications bring
frictional optimization [17], reduction of wear rate [35] and as
shown in our study at hand reduction in stick-slip motion with
it. The reduction of stick-slip behavior is directly related to the
reduction of wear. Additionally, "controlled" stick-slip motion
compared to "uncontrolled", randomly appearing stick-slip
makes the occurring forces within a frictional system more
predictable and prevents the occurrence of maximum forces,
which could damage the system [31,33]. Therefore the reduc-
tion in stick-slip behavior can help to maintain optimal fric-

tional properties of a tribological system.

To investigate the correlation between frictional coefficient
and stick-slip behavior, the data were grouped into (i) low fric-
tional coefficient and (ii) reduced stick-slip motion. The group
(i) included the following samples under particular experi-
mental conditions: PGMS, A = 25 pum, perpendicular to the
microstructure (n = 0.167 £ 0.008); PGMS, A = 100 um,
parallel to the microstructure (i = 0.172 £ 0.024); RRS - 9 um
(r =0.192 + 0.007); and SIMPS, along the microstructure
(L = 0.165 £ 0.010). The frequency analysis of frictional
measurements on these microstructured surfaces showed
frequencies of medium amplitude (maximal amplitude:
0.015-0.025).

The group (ii) of samples with reduced stick-slip motion was
subdivided depending on the maximal amplitude into two
groups, where stick-slip motion was (a) nearly eliminated
(maximal amplitude: <0.005) and (b) strongly reduced (ampli-
tude <0.015). Members of the first group were SIMPS
measured in lateral direction and PGMS with pitch dimension
of 5 um measured parallel to the microstructure. For both
samples and experimental setups, the amplitudes of the
stick-slip frequencies were smaller than 0.005, and the fric-
tional coefficients were relatively high, 0.250 + 0.018 and
0.228 + 0.016, respectively. The second group with reduced
stick-slip motion contained the following surfaces: PGMS with
pitch dimensions of 25 pm and 50 um measured parallel to the
microstructure (i = 0.196 £ 0.011, p = 0.198 + 0.022, respect-
ively); PGMS with pitch dimension of 5 pm measured perpen-
dicular to the microstructure (1 = 0.290 £ 0.006); RRS - 0.3 um
(u=0.284+0.027) and RRS - 1 um (n = 0.264 £ 0.008); molds
of the snake along (n = 0.31 £ 0.018), against (n = 0.32 +
0.009), and lateral (n = 0.361 + 0.016) to the microstructure;
and SIMPS along (p = 0.165 £ 0.010), against (n = 0.245 +
0.019), and lateral (p = 0.250 £ 0.018) to the microstructure.
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Following the accepted assumption of a correlation between
stick-slip motion and frictional coefficient (e.g., [27,28]), one
would expect to find low frictional coefficient accompanied by
reduced stick-slip motion, but we were not able to confirm this
expectation for frictional systems examined. One explanation of
this could be the fact that most experiments on solid frictional
systems were performed on metal-metal contact pair (e.g.,
[15,23,25]) and thereby differ in their physical properties very

much from polymeric systems under consideration.

In the previous study, we focused on the effect of the effective
elastic modulus on friction and thereby on the dampening
within the frictional system snake-substrate [17]. We investi-
gated the effect by measuring friction of snake skin with and
without soft cushioning. It was assumed that the ability of the
snakes to vary the effective elastic modulus by varying their
body stiffness is useful to optimize their tribological properties
in adaptation to different substrates and locomotion modes
[2,36,37]. Given that the effective elastic modulus is varied
in a highly optimized frictional system like snakes and taking
the present data into account, the dampening has a big
influence on the occurrence of stick-slip phenomenon during
sliding. It is postulated that the amplitude of friction-induced
vibrations is dependent on the system's dampening (e.g.,
[23,29]). The investigation of the effect of dampening on the
frictional coefficient and stick-slip motion in biological surfaces
may represent a short cut towards frictional systems with

reduced stick-slip.

Material and methods
Surface fabrication and characterization

Following types of surface topography were masters: (i) a peri-
odically groove-like microstructured polymer surface (PGMS),
(ii) randomly rough surfaces (RRS) with grain sizes 0of 0.3, 1, 3,
9 and 12 pm (FibrMet Discs, Buehler GmbH, Diisseldorf,
Germany), (iii) polymeric molds of ventral scales of L. g.
californiae (PMLG) and (iv) a snake inspired polymer surface
(SIMPS), produced in cooperation with the Leonhard Kurz
Group Stiftung & Co (Fiirth, Germany) and (v) a smooth glass
surface as reference (Figure 7). Experiments on molds of the
ventral snake surface and on SIMPS were conducted to reveal
the performances of snake-inspired microstructures. The PGMS
samples, characterized by a rectangular profile in cross section
with four different structural wavelengths of 5, 25, 50 and
100 pm containing equal ridges and grooves (produced by the
Laser Zentrum Hannover e. V., Hannover, Germany). Those
were taken for the purpose of investigating the scale effects of
the microstructure. Additionally, by sliding along or across the
microstructure, it was possible to investigate the influence of an
anisotropic geometry of microstructures on frictional properties.

The RRS samples with different grain sizes were used to
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investigate the influence of the surface roughness, the contact
area, and the interlocking of surface asperities.

d)

:
7
;
E
|

Figure 7: Exemplary overview of the topography of the examined
polymer surfaces. Left column: SEM-micrographs. Right column:
schematic top view and profile of the surface microstructure. a) Period-
ical groove-like polymer surface — PGMS (pitch: 25 ym). b) Randomly-
rough surfaces — RRS (grain size: 1 pm). c) Snake-inspired microstruc-
tured polymer surface — SIMPS. d) Mold of the ventral scale of L. g.
californiae - PMLG. e) Smooth surface.
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The detailed values for surface roughness are listed in Table 1.
The polymer surfaces were produced by a two-step molding
technique [38]. In the first step, the master surface was covered
with fluid two-component polyvinylsiloxane (PVS) (Colténe
President light body, Coltene Whaledent Dentalvertriebs Ltd.,
Constance, Germany), which polymerizes within few minutes.
In the subsequent second step, the negative cast was filled with
the low-viscosity epoxy resin [19]. This polymer (Polysciences
Inc., Eppelheim, Germany) consists of (1) nonenyl succinic
anhydride (NSA) (61.3%), (2) 3,4-epoxycyclohexylmethyl-3,4-
epoxycyclohexyl-carboxylate (ERL 4221) (23.6%), (3) digly-
cidyl ether of polypropyleneglycol (D.E.R. 736) (14.2%), and
(4) N,N-dimethylaminoethanol (DMAE) (0.9%). The polymeri-
zation of the resin took place over night at 70 °C.

The surface roughness (R,) of molds was measured with a white
light interferometer (New View 6000, ZygoLOT, Darmstadt,
Germany). For metrologic characterization of the surface
microstructures, the image analysis software SigmaScanPro 5.0
(SPSS Inc., Chicago, USA) was used. Roughness (R,) perpen-
dicular to the lines of the PGMS samples was calculated
depending on the pitch width and depth.

For surface visualization, two scanning electron microscopes
(SEM) were used (Hitachi S-4800 and TM-3000, Hitachi High-
Technologies Corporation, Tokyo, Japan) at an acceleration
voltage of 2-3 kV and 5 kV, respectively. The polymer
material was fixed by adhesive pad and sputter-coated with
gold/palladium (80:20) with a layer thickness of 20 nm. For
sputter-coating, the high vacuum sputter coater Leica EM
SCD500 (Leica Microsystems GmbH, Wetzlar, Germany) was
used.

Detailed characterization of the surface topography was
performed by a NanoWizard® atomic force microscope (JPK
Instruments), mounted on an inverted light microscope (Zeiss
Axiovert 135, Carl Zeiss Microlmaging GmbH). The SIMPS
were imaged by using the intermittent contact mode of the
AFM. The error channel (also known as the amplitude channel)
visualizes the change in damping of the cantilever amplitude
while scanning the surface. Only images obtained with the error
channel are shown, because this visualization method is helpful
to gain a more vivid imaging of the surface topography. Scans
were carried out at a 1 Hz scan rate and a resolution of
1024 x 1024 pixels with an intermittent contact mode cantilever
(c =50 Nm~!, NST-NCHF, Nascatec GmbH, Stuttgart,
Germany), at ambient conditions (room temperature 24 °C,
relative humidity 41%). NanoWizard® SPM software 3.3.23
(JPK Instruments) was used to obtain AFM images and
NanoWizard® image processing software 3.3.25 was applied to
extract 3D surface profiles.
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Frictional measurement

Frictional measurements were carried out with the microtri-
bometer Basalt-MUST (TETRA GmbH, Ilmenau, Germany).
2-dimensional force detection was accomplished by a metal
cantilever (Cgy: 22.3 N/m, Cg¢: 23.1 N/m). The spacial resolu-
tion of the system in detection a deflection of the cantilever was
50 nm. The averaged applied normal force was 0.6 mN. The
measurement was performed over a sliding distance of 500 pm
at a velocity of 50 pm/s. As contact partner, a glass ball with a
diameter of 1 mm was chosen and fixed to the cantilever by
cyanoacrylate glue (Ergo 5925 Elastomer, Tagelswangen,
Switzerland). The roughness of the glass ball determined by a
white light interferometer (NewView, ZygoLOT GmbH, Darm-
stadt, Germany) was R, = 0.006 um. The polymer surfaces were

fixed on metallic sample holders by cyanoacrylate glue.

To characterize frictional properties of the periodic groove-like
patterned surfaces (PGMS) friction measurements in two
different directions were done: parallel to the microstructure (i)
and perpendicular to the microstructure (ii) (Figure 8a). For
frictional characterization frictional measurements on poly-
meric moulds of L. g. californiae (PMLG) were executed in
four different directions: along the microstructure (i), corres-
ponding to the forward movement of the animal, against the
microstructure (ii), corresponding to the opposite direction, and
lateral direction relative to the body axis (Figure 8b). The fric-
tional properties of the SIMPS, was measured in three different
directions: along the anisotropic microstructure (i), against the
anisotropic microstructure (ii), and in the lateral direction,
perpendicular to both other directions (iii) (Figure 8c). For the
characterization of surfaces with isotropic topography (RRS and
smooth surface), frictional measurements were done in one

directions.

Individual measurements were repeated 15 times on each
SIMPS and on the smooth reference surface. For the molds of
the snake scales three frictional measurements on three different
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scales of three different individuals were performed. The other
surfaces were tested five times each. Each measurement was
performed on a new area of the surface to minimize the influ-
ence of abrasion. Obtained data were statistically analyzed with
SigmaPlot 11.0 software (SPSS Inc., Chicago, USA). Kruskal-
Wallis one way ANOV As followed by Holm—Sidak tests with a
significance level of p < 0.05 were performed.

The contact area was calculated by the Hertz-model [39] using
the data on E-moduli of the polymerized Spurr resin and the
glass ball (7 GPa and 70 GPa, respectively [40]) and an
assumed Poisson ratio of 0.5 for both materials. The calculation
of the contact area (Hertz-model) between non-microstructured
polymer surface and smooth glass ball gave an apparent area of
40 pm?.

To characterize the frictional properties of the surfaces with
microstructures with anisotropic geometry, the measurements
were performed in different sliding directions: along, against,

and lateral to the microstructures, as illustrated in Figure 8.

Data processing

The stick-slip behavior of microstructured polymer surfaces
was characterized by the analysis of the frequency spectrum
gained by fast Fourier transformation (FFT) of the frictional
signal (of the spatial domain). In general, the FFT is used to
transform a function of time into a function of frequency. In the
frequency spectrum, the temporal domain of a sinusoidal signal
can be visualized in the spatial domain. By performing an
inverse FFT, the original signal can be reproduced. Until now,
most investigations on the stick-slip phenomenon are based on
the simple consideration of the frictional coefficient over the
measured distance or time (e.g., [20,21,26-28,33,41-43]).
However, this technique is not sufficient to identify dominant
frequencies, when several sinusoidal oscillations are overlap-
ping each other. In this case, only a detailed analysis of the
frequency spectrum can identify all present frequencies and

a) b)

-|:'l>—

\ b

Y O

Figure 8: Scheme of surface geometry and sliding directions of friction measurement, top view (left) and side view (right). a) Periodical groove-like
polymer surface - PGMS, b) Polymeric mould of L. g. californiae — PMLG, c¢) Snake-inspired microstructured polymer surface — SIMPS. Directions of
measurement: A: parallel to microstructure, B: perpendicular to microstructure, C: lateral to microstructure, D: against microstructure, E: along micro-

structure.
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their corresponding amplitudes. By using this approach for data
analysis, we were able to identify friction induced vibrations
caused by the stick-slip phenomenon as well as the frictional
coefficient with the same mathematical tool. Within the
frequency spectrum, the mean friction coefficient and frequen-
cies of the dominant friction-induced vibrations can be identi-
fied.

In detail, the following procedure was applied to analyze fric-
tion behavior, exemplarily shown in form of a typical friction
curve with the friction coefficient (defined according to
Coulomb’s friction law p = Ft/Fn) over time or displacement,
respectively (Figure 9). The exemplary data results from the
experiment, where a glass sphere moved perpendicular to the
microstructure of a PGMS with a pitch size of 5 pm. One
section of the data, typically representing a distance of about
100 pm and exhibiting dynamic friction (without static friction
and obvious disturbances) was chosen for further processing
(Figure 9a). The data set was then Fourier transformed after
zero padding to the next power of 2 and weighting by a
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Hamming window. Data processing was performed using the
build-in fft--command of MATLAB Version 7.12.0.635
(R2011a) (MathWorks Inc., Ismaning, Germany). For the sake
of convenience, we only show the single-sided amplitude spec-
trum (SSAS). Figure 9b shows the SSAS of the data section
shown in Figure 9a. In general, the zero frequency peak is the
off-set or bias of the friction curve and can be identified as the
average friction coefficient. Furthermore, a characteristic peak
at 79.3 Hz was found in all measurements and is attributed to
the resonance frequency of the experimental setup (glass ball
fixed on a metal cantilever in contact with the surface). Since no
measurement frequencies higher than 20 Hz were obtained,
except for the resonance frequency, the SSAS is cut at that
frequency. Whenever a periodic friction behavior was observed,
e.g., induced by the periodic microstructure, a peak at a specific
frequency or wavelength was detected in the SSAS. Exemplary,
in Figure 9b, a peak at about 12.2 Hz, corresponding to a wave-
length of about 4.1 um at the deployed speed of 50 pm/s, is
revealed. Since this correlates well with the pitch of 5 um of the

PGMS surface, we are confident with our procedure.

0 i5- ™ Analysed section |
('” of frictional signal
0.05 1=0.290
0 r : .
0 A% A2 4% 02 a® 52 5@ 02 0 07 ® 67 A® A% &© Q? o© 2 [
() 040 Averaged
0.30 frictional
0.20 coefficient
0 10: i Frequency peak of
e K 12.2 Hz,
0.08 corresponding to Specific frequency peak
0.06 pitch of 4.1 pm of experimental set up
0.041
0.02 \A/
0.00 ! ! [Hz]
S o § O e

Figure 9: Example of data analysis of the frictional signal measured on the periodical groove-like polymer surface — PGMS (pitch dimension: 5 ym)
perpendicular to the orientation of the microstructure, a) in spacial/time domain. Averaged frictional coefficient and exemplary selected section of fric-
tional signal for data processing; b) in frequency domain based on FFT, ordinate shows single-sided amplitude spectrum — SSAS. Intersection of the
graph on the ordinate presents the averaged frictional coefficient. At 12.2 Hz a dominating frequency according to a pitch of 4.1 ym can be identified.
This correlates well to the pitch of 5 um (lines and spaces of the substrate). Dotted arrow points out the resonance frequency peak, which is the prop-
erty of the experimental setup, because it could be found in each combination of tribometer, glass ball, and epoxy mold samples.
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Octopus suckers are able to attach to any smooth surface and many rough surfaces. Here, we have discovered that the sucker

surface, which has been hypothesised to be responsible for sealing the orifice during adhesion, is not smooth as previously

assumed, but is completely covered by a dense network of hair-like micro-outgrowths. This finding is particularly important

because it provides another demonstration of the role of hair-structures in a sealing mechanism in water, similar to that previously

described for clingfish and abalones. Moreover, the discovered hairs may provide an additional adhesive mechanism that works in

concert with suction. The discovered surface structures might be potentially interesting for biomimetics of novel technical suction

cups with improved adhesion capabilities on non-smooth surfaces.

Introduction

An octopus sucker consists of two portions: an upper hollow
cup, the acetabulum; and a lower disk-like portion, the infun-
dibulum, located at the attachment face of the sucker
(Figure la,b). It is known that octopus suckers adhere not only
to perfectly smooth surfaces but also to surfaces with a certain
roughness [1], where technical suction cups usually fail [2,3].

This ability can be explained by the exceptional materials prop-

erties, i.e., softness, of the infundibulum [4]. However, it
remains unclear how the octopus is able to remain attached to a
wall or object for a long period of time [1]. Recently, it has
been shown that in Octopus vulgaris, the acetabulum does not
have a spherical shape as was previously described in the litera-
ture [1]; rather, there is a well-developed protuberance on its

roof sticking out towards the orifice (Figure 1b) [5].
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Figure 1: (a) Photograph of the frontal view of an octopus sucker. Infundibulum (1); orifice (O); and rim (R). (b) Schematic structure (transversal
section) of an octopus sucker. The upper part in grey (light and dark grey) is the acetabulum (A). The lower disk-like black-coloured portion is the in-
fundibulum (1). The light grey-coloured portion is the protuberance of the acetabular roof (AR); and O is the orifice. (c—f) Scanning electron microscopy
images of an octopus sucker. (c) Infundibulum (please, refer to black box 1 in (b)). Radial (RG) and circumferential (CG) grooves. (d) Rim (please,
refer to black box 2 in (b) and label R in (a)). (e) Surface of acetabular protuberance (please, refer to black box 3 in (b)). (f) Enlargement of white box
in (e). (g) Sucker configuration during adhesion process [5]. The restoring elastic force (white arrow) is balanced by the cohesive forces of the water
(grey arrow). (h) Enlargement of (g) considering the contribution of hairs. The restoring elastic force (white arrow) is counterbalanced by the cohesive
forces of the water (grey arrows) and the adhesion force exerted by hairs (black arrows).

Additionally, it has been hypothesised that this acetabular
protuberance plays a crucial role in increasing the performance
of the adhesive system [5]. The pressing of the acetabular protu-
berance against the orifice was suggested to close the orifice
when the suction is active [5]. Thus, if the suction muscles stop
contracting, the maintenance of the low pressure at the inter-

face is guaranteed by the closure of the orifice [5]. This mecha-
nism would allow the octopus to perform an efficient attach-
ment for a long period of time with minimal energy consump-
tion. A specialised microstructure, as recently shown for cling-
fish [3] and abalone molluscs [6], might play an important wa-
tertight role in this minimal energy consumption hypothesis [5].
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For studying this, we used scanning electron microscopy (SEM)
at high resolution to explore the microstructure of different
octopus sucker surfaces (acetabular protuberance and infun-
dibulum). Considering the substantial interest of engineers in
this biological system as a source of inspiration [7-10] for
biomimetics of novel technical suction cups, our findings may
provide an interesting idea for improving the adhesion capa-

bility of artificial devices on non-smooth surfaces.

Experimental

The surfaces of the acetabular protuberance and infundibulum
of Octopus vulgaris suckers were observed by using a Hitachi
S-4800 (Hitachi High-Technologies Corp., Tokyo, Japan) scan-
ning electron microscope. Both sexes with a body mass range
from 400 to 850 g were analysed. Animals were obtained
from licensed fishermen, who captured these animals from the
bay of Livorno (Italy) in October 2012 for human consumption.
The suckers were taken from freshly killed animals. All facili-
ties and procedures complied with European law (Directive
2010/63/EU).

For SEM, the freshly explanted suckers were fixed in 70%
ethanol. Small portions of the acetabulum and infundibulum
were dehydrated and then, critical point dried by using a crit-
ical point drying apparatus (E3000 Series, Quorum Tech-
nologies, UK). Dried samples were mounted on aluminium
stubs and sputter coated with a 10 nm thick layer of gold—palla-
dium (SCD 500 sputter coater equipped with QSG 100 quartz
film thickness monitor, BAL-TEC, Liechtenstein).

Results

The arms of the octopus species examined (Octopus vulgaris)
are characterised by two rows of suckers with diameters that
range from a few centimetres (in the proximal region) to a few
millimetres (in the distal region). All the suckers investigated
presented the same gross/general morphology. The infundibu-
lum (please refer to I in Figure la,b), which is the externally
visible portion of the sucker, is entirely encircled by an epithe-
lial rim (please refer to R in Figure 1a) and communicates with
the internal portion of the sucker (please refer to A in Figure 1b)
through an orifice (please refer to O in Figure 1(a,b). On the
acetabular roof (please refer to AR in Figure 1b), there is a
protuberance that sticks out toward the orifice (Figure 1b).

The infundibulum, which is the portion that comes in contact
with the substrate during attachment, exhibits a dense network
of radial and circumferential grooves on its surface (please refer
to RG and CG in Figure 1¢). The radial grooves appear deeper
than the circumferential ones. In addition, the entire surface of
the infundibulum is covered by randomly distributed, intercon-

nected ridges. The rim that encircles the infundibulum appears
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like a deeply folded, loose epithelium, characterised by

numerous grooves and ridges (Figure 1d).

The surface of the acetabular protuberance is completely
covered with a dense network of brush-like hairs, which are
approximately 50 um (18 pm, n = 25) long and have a diam-
eter of 2 um (0.9 um, n = 25) (Figure le,f). Each hair apically
branches into very small filaments, which are approximately
5 pm (£2.8 pm, n = 18) long and have a diameter of 0.3 pm
(£0.2 um, n = 25) (Figure 1f). These hairy structures are only
localised on the acetabular protuberance and are completely
absent in the infundibular portion.

Discussion

The surface of the infundibulum allows strong adaptation to any
type of non-smooth substrate. It was observed that an octopus is
able to attach to very rough surfaces generating a pressure
difference of up to 0.268 MPa [11]. To obtain such an adhesion
force, a perfect seal at the interface between the sucker and the
substrate is crucial. Similar to abalone, in which the external
surface of its side foot is characterised by many crests and
grooves, in octopus suckers the seal is guaranteed by the pres-
ence of ridges and grooves on the rim encircling the infundibu-
lum. These structures allow the octopus suckers, as well as the
abalone feet, to perfectly adapt to the contour of the objects

with which they come in contact.

The most important discovery of this work is the presence of
hairs on the acetabular protuberance. This is of particular
interest because to the best of our knowledge, these microstruc-
tures are unknown in the literature. Moreover, the presence of
such hierarchical hairs on the entire surface of the acetabular
protuberance supports the adhesion mechanism recently
suggested for O. vulgaris [5]. To obtain an efficient attachment
mechanism for a long period of time, the adhesion configur-
ation shown in Figure 1g should be maintained without any
muscular effort. In detail, the restoring elastic force (please refer
to white arrow in Figure 1g), responsible for the detachment of
the acetabular protuberance from the upper surface of the side
wall of the orifice, needs to be balanced. In [5], such a force is
balanced by the cohesive forces of the water in the infundibular
portion (the water under tension behaves like a solid) (please
refer to grey arrow in Figure 1g). Based on our recent results, an
adhesion force (please refer to black arrows in Figure 1f),
exerted by the dense network of hairs, is present on the surface
of the acetabular protuberance. This force might work in addi-
tion to the cohesive forces of water, assisting in keeping the ori-
fice closed for extended periods of time and significantly
increasing the resistance to the restoring force. In this new
scenario, the restoring elastic force is balanced by the cohesive

forces of the water in the infundibular compartment and the

563



adhesion force exerted by the hairs. In this way, the forces are
in equilibrium and the sucker is able to maintain the adhesion
configuration without any further energy consumption
(muscular involvement). Moreover, the acetabular protuber-
ance could work as a valve that enables and disables the adhe-
sion process [5], and the hairs could ensure the watertight
closure of the valve.

A similar hair structure was also found in the northern clingfish,
Gobiesox maeandricus [3]. On its ventral side, this fish bears an
adhesive disc that allows the animal to attach on smooth
surfaces and on very rough surfaces and to resist strong water
currents. The hairs structures observed in the fish are quite
similar in size and aspect ratio to the hairs described here in the
octopus sucker. In addition, the sole foot epithelium of abalone
Haliotis tuberculata is characterised by a dense field of long
hairs, here called cilia, that measure 0.2—0.3 um in diameter [6].
In this case, small ciliary tufts occur at a very low density in the
side foot; whereas, they become significantly more dense in the
sole foot. Similar to octopus suckers, the cilia are covered by a
layer of mucus. However, in all the three cases (octopus,
abalone, and clingfish), the hairs lack the spatulate termini that
are well known in the attachment pads of terrestrial animals
[12,13]. In the case of the clingfish, it was hypothesised that the
amazing tenacity observed for this fish could be related to the
hierarchical structure of the hairs (“microvilli”’) [3]. Moreover,
the absence of spatulate termini contact elements as well as the
presence of water and mucus between hairs and respective
substrates suggest that biological structures operating under-
water cannot exploit filament-like structures to generate van der
Waals forces [3]. We completely agree with this idea and think
that under wet adhesion conditions, a system consisting of hairs,
mucus, and water (just like octopus suckers) could improve
attachment due to following mechanisms: (i) exploiting the
presence of mucus and filaments to increase the viscosity coef-
ficient at the interface and to resist to the shear forces; and (ii)
exploiting the high bulk modulus of water between the sucker
and substrate that resists tensile stress (detachment force).
Moreover, some studies on artificial materials have demon-
strated that fibrillar microstructures are preferred to flat surfaces
in applications in which a total attachment force must be gener-
ated in a binary on/off state [14]. These studies also reveal that
structured surfaces show a 25% increase in pull-off force when
immersed in water, and their underwater attachment is 20 times

more effective than that of flat surfaces [15].

The grooves found in the infundibulum area generating a dense
network of interconnected channels are instead fundamental for
increasing the adhesion area subjected to the suction. Due to the
presence of a particular surface microstructure, an octopus can

maintain attachment for long periods of time without muscular
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effort and thus without energy expenditure. This functional
mechanism represents a very interesting source of inspiration
for engineers and robotics specialists in the development of

novel biomimetic adhesion devices.
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In this investigation, scanning electron microscopy was used to characterize the microstructure on the surfaces of animal heart valve

cusps/leaflets. The results showed that though these surfaces appear smooth to the naked eye, they are actually comprised of a

double hierarchical structure consisting of a cobblestone-like microstructure and nano-cilia along with mastoids with a directional

arrangement. Such nanostructures could play a very important role in the hemocompatibility characteristics of heart valves. On this

basis, the model of the microstructure was constructed and theoretical analysis was used to obtain optimal geometric parameters for

the rough surface of artificial valve cusps/leaflets. This model may help improve reconstructive techniques and it may be beneficial

in the design and fabrication of valve substitutes or partial substitutes. Namely, the model may help ameliorate heart valve replace-

ment surgery.

Introduction

Bionics, or biomimetics, have made tremendous developments
in the past decade due to advancements in nano- and biotech-
nologies. After millions of years of evolution and optimization,
the surfaces of many organisms have formed a variety of special
micro- and nanoscale hierarchical structures. These structures
show many perfect characteristics such as superhydrophobicity,
low adhesion, and drag reduction. Therefore, studying the
surfaces of natural organisms is extremely important and
significant. Moreover, results of this study could have a

substantial effect on the manufacturing of artificial biological
products. During the past decade, the special surface micro-
structures of plant leaves have been studied beginning with the
lotus leaf [1-3]. Researchers then studied the microstructures of
the India canna leaf, the rice leaf, and the leaf of Colocasia
esculenta [4,5]. Subsequently, the study of surface microstruc-
tures expanded to animals. Researchers studied surface micro-
structures of the water skipper’s leg, the moth’s eye, shark skin,
the darkling beetle, and the cicada’s wing [6-15]. At the same
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time, the relationship between superhydrophobicity and surface
microstructures attracted strong interest. A large number of
surfaces with all kinds of microstructures are manufactured by
physical or chemical methods [16-22]. These manufactured
surfaces have a wide range of applications in industry, agricul-
ture, military and other areas [23-26].

Heart valves are located between the atria and both right and
left ventricles, between the aorta and the left ventricle, and
between the pulmonary artery and the right ventricle. These
valves play a key role by forcing blood to flow in one direction
through the heart and all blood vessels throughout the body. If
valvular lesions occur a heart valve will need to be replaced.
But once an artificial heart valve is implanted its surface
changes by absorbing blood proteins, by platelet adhesion, and
by the eventual formation of thrombi. Despite many efforts,
blood clots are still an urgent and unsolved problem. In this
paper, the surface microstructures of heart valve cusps/leaflets
taken from animals are studied along with the effect of these
microstructures on blood flow characteristics. Thus, this study
will help improve the hemocompatibility of artificial heart
valves.

Experimental

Sample preparation: The thoracic cavities of the rabbits and
the mice were cut open by using scissors and the hearts were
removed. After irrigating with phosphate buffered saline (PBS),
the hearts were fixed in a solution of 2.5% glutaraldehyde (Res
Group Co., Ltd. chemical reagents) for 2 h. Then the atria and
ventricles were cut open, and all of the heart valves (including
aortic, mitral and tricuspid) were removed. The valves were
placed in a freeze-dryer (ES-2030 vacuum freeze-drying device,
Hitachi Japan) to be frozen, dehydrated, and dried with tert-
butanol for 2-3 h at a temperature of —10 °C.

Characterization of the microstructure on the surface of the
heart valve: The heart valves were observed by using the scan-
ning electron microscope (S-3000N scanning electron micro-
scope SEM, Hitachi Japan) at a voltage of 10 kV in order to
characterize the microstructures on their surfaces. To improve
the conductivity of the sample, before being observed the dried
heart valves were treated with spray-gold (E-1010 ion sput-
tering device, Hitachi Japan) having a coating thickness of

approximately 5 nm.

Results and Discussion
The microstructure on the surface of the

aortic valve cusps
The aortic valve controls the direction of blood flow from the
left ventricle to the aorta. When the ventricle is in systole, the

intraventricular pressure increases dramatically. Until it exceeds
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the arterial pressure, the aortic valve opens. The blood from the
left ventricle flows to the aorta and passes through the aortic
valve. With the ending of ventricular pumping, the ventricle
begins in diastole. Meanwhile, the intraventricular pressure
rapidly decreases until it is equal to the arterial pressure, the
aortic valve closes and blood does not flow backwards. The
scanning electron microscopy (SEM) image of the aortic valve

of the mouse is shown in Figure 1.

Figure 1: SEM image of the aortic valve of the mouse.

The microstructure on the surface of the aortic valve cusps is
shown in Figure 2. It is evident from these images that a regular
cobblestone-like structure appears on the surface of the heart
valve cusps. This structure is similar to the microstructure on
the surface of the lotus leaf. This cobblestone-like structure is
uniformly distributed on the surface of the valve cusps and the
bottom diameter of each “cobblestone” is approximately
5-9 pum. Figure 2b shows a high-resolution SEM image of the
microstructure. In this image the hierarchical structure is
formed of tenuous villi and “cobblestones”, and each villu has a
diameter of 140—-190 nm and a height of 350-500 nm. Because
of the presence of a micro—nano composite hierarchical struc-
ture on the surface of the aortic valve cusps the actual contact
area between blood and the surface of the valve is greatly
reduced when blood flows through the valve. Thus the resis-
tance to blood flow by the surface of the valve is reduced and
the adhesion of blood platelets is also reduced. Eventually, the
formation of blood clots is greatly reduced.

Even more interesting, through the scanning electron micro-
scope we found that the arrangement of the mastoids on the
surface of the aortic valve cusps is directional. Figure 3 shows
the arrangement of the mastoids along the blood flow of the
aortic valve. It was found that the direction of the mastoids
arrangement is the same as the direction of the blood flow, that

is the same as the direction of the force transmission and it
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Figure 2: SEM images of the microstructure on the aortic valve cusps surface: (a) the cobblestone structure; (b) the cilia structure.

happens to be the same as the arrangement of the microstruc-
ture on the surface of the rice leaf studied by Jiang Lei [3].
Precisely because of the arrangement of this microstructure,
blood flows more easily in the direction indicated by the red
arrow than in the direction perpendicular to the arrow.

50um

10.0kV x1.0k

Figure 3: The direction of aligned cobblestones in the direction of
blood flow.

The microstructure on the surface of the

mitral valve leaflets

Mitral is derived from the word “miter”, which is a bishop’s hat
with two points. The mitral valve is used to control the unidirec-
tional blood flow from the left atrium to the left ventricle. It is
composed of two valve leaflets connected via the chordae
tendineae to the papillary muscles, which are located in the
myocardium (shown in Figure 4). When the atrium is in systole,
the volume of the atrium decreases and then the atrial pressure
increases, so the leaflets of the mitral valve open allowing blood
to pass through the valve without difficulty to flow from the left
atrium to the left ventricle. Subsequently, the atrium is in dias-
tole and the ventricle is in systole. The papillary muscles

located in the myocardium also contract with the contraction of
the ventricle and the chordae tendineae are stretched. Then
leaflets close to prevent the blood from backflowing. At this
point, the leaflet is just like a sail and the chordae tendineae are
just like ropes. Under normal circumstances, sails are filled by
wind (that is the blood) and bellied out to their ideal bulge to
control the direction of a ship (that is to ensure unidirectional
blood flow). However, in the case of mitral valve disease, such
as leaflets lengthy, weakness of myocardial contractility and
ruptured or fused tendon causing uneven pulling force, some
wind (blood) will pass through the sails (mitral valve leaflets)
when the ventricle is in systole. This abnormal phenomenon
may lead to the occurance of hemodynamic changes and the
increase of cardiac load, causing cardiac hypertrophy, heart
failure and other series of heart diseases.

10.0kv x40

Figure 4: The mitral valve of the mouse.

The microstructure on the surface of the mouse’s mitral valve
leaflets is shown in Figure 5. From this image, we find that the
micro—nano composite hierarchical structure is also present on
the surface of the mitral valve leaflets. Namely the distribution
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Figure 5: SEM images of the microstructure on the mitral valve leaflets surface: (a) non-heparinized; (b) heparinized.

of the nano-scale cilia structure on the micron papillae is similar
to the distribution of the microstructure on the surface of the
aortic valve cusps. Without treatment by heparin there is a lot of
mucus attached to the mitral valve leaflets surface. Therefore
the mastoid structure is not obvious (shown in Figure 5a), but
the cilia structure is seen clearly. The structures shown in
Figure 5b were on the surface of the mitral valve leaflets that
were treated with heparin. Because of rolling caused by heparin,
the cilia structure was destroyed, so it is not obvious. However,
because of the elimination of mucus, the mastoid structure
became very clear.

In addition, the arrangement of the microstructure on the
surface of the mitral valve leaflets can be seen as directional,
and its direction is consistent with the direction of blood flow,
as shown in Figure 6. The arrow in Figure 6 is pointed in the
direction of blood flow. Compared to the blood flow in
the perpendicular direction, the blood flowing in the direction
of the arrow has less resistance and less adhesion of platelets to
the valve leaflets’ surface will occur. It is mainly due to the
proportion of the liquid—gas phase being larger during the
liquid—solid—gas-phase contact between the valve’s surface and
blood is larger, because of the increasing of the gap between the
mastoids. Eventually, in the direction of the arrow, the forma-
tion of thrombus will be reduced.

The microstructure on the surface of tricuspid

valve leaflets

The tricuspid valve controls the unidirectional flow of blood
from the right atrium to right ventricle. Because it is composed
of three leaflets it is called a tricuspid valve. The rabbit heart is
4 to 5 times larger than the heart of the mouse, so the tricuspid
valve of the rabbit is larger than that of the mouse. Figure 7
shows the SEM images of the rabbit’s tricuspid valve leaflets.
The structure of the tricuspid valve is similar to that of the
mitral vlave. Through the chordae tendineae, the valve leaflets

10.0kvV x1.0k

Figure 6: The direction of aligned “cobblestones” on the mitral valve
leaflet’s surface.

are also connected to the papillary muscles located in the
myocardium, which is the same as the mitral valve. Additional-
ly, both the mechanism and the time of opening and closing of
these two kinds of valve are identical. When the atrium is in
systole and the ventricle is in diastole, both of them open. On
the contrary, when the ventricle is in systole and the atrium is in
diastole, both of them close. The difference between them is
that the tricuspid valve with three leaflets ensures the unidirec-
tional flow of blood from right atrium to the right ventricle. The
microstructure on the surface of the rabbit’s tricuspid valve
leaflets is shown in Figure 7b. As shown in the figure, there are
also micro- and nano-scale cilia mastoid composite hierarchical
structures exsiting on the surface of the rabbit’s tricuspid valve
leaflets.

Besides the aortic, mitral and tricuspid valves, there is another
kind of heart valve, the pulmonary valve. The pulmonary valve
controls the direction of blood flow only from the right ventricle
to the pulmonary. The pulmonary valve often acts as an autolo-
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10.0kV x4.0k

Figure 7: (a) SEM image of the tricuspid valve leaflets of the rabbit; (b) SEM image of the microstructure on the tricuspid valve leaflets surface.

gous substitute to replace the aortic valve during the Ross-oper-
ation, because they are very similar in structure and in the
mechanism of openging and closing. However, the intraventric-
ular pressure is different between the left and the right ventricle.
Therefore, it is necessary to study the microstructure on the
surface of the pulmonary valve cusps in order to find the differ-
ences and/or similarities of both valve cusps. Furthermore,
according to the different directions of blood flow between
atrial and ventricle, the orientation of the superficial structures
on the surface of both sides of the mitral or tricuspid leaflets
should be investigated. All of these will be our reseach interests
in furture and this study will enormously help us to design and
manufacture the microstructure on the surface of artificial vavle.

Design and parameter characterization of the

microstructure on the surfaces

Because of the hierarchical micro—nano composite structure, the
surface of a heart valve is regarded as rough. According to
Adamson and Gast [27], a model of the relationship between
superhydrophobicity and the hierarchical structure could be
created. Since the hierarchical structure on the surface of a
valve is so similar to the fractal structure described by the Koch
curve [28], the fractal structure equation can be used to calcu-
late the fractal roughness factor. By changing the roughness
factor, the relationship between the contact angle of the rough
surface Of and that of the smooth surface 0y can be described by
Equation 1:

I D-2
cosB¢ = f| (7) cosBy — /> (1

Where f; and f5 are the surface area fractions of solid-liquid and
gas-liquid on the rough surface respectively, f; + 5 = 1. (L/)P~2
is the surface roughness fractor. L and / are the extremal dimen-
sions of the upper and lower limits of the fractal surface respec-

tively. D is the fractal cone. For the heart valves, L and / corres-
pond to the diameter of the cobblestones and the dimension of
the nano-cilia respectively. In the Koch curve, D is about
2.2618 in three-dimensional space and (L//) is 3", where the size
of n is determined by the specific fractal structure, and the
surface roughness factor will increase with the increasing of n.
Therefore, if the upper limit L is constant, the value of [ will
decrease with the increasing of the n value.

In practical research, we always hope to construct more regular
microstructures on surfaces in order to make research more con-
venient. According to the structure of the biological prototype,
the familiar mastoid microstructure arranged in a regular array
could be applied to the surface of an artificial heart valve. The
front view and top view of the mastoid array microstructure is
shown in Figure 8. The outline of the mastoid is assumed as
paraboloid. The shape of a paraboloid of revolution is described
by

y = kx? )

where x is the radial coordinate and y is the vertical coordinate
measured downward from the apex (Figure 8). The higher the
value of the constant parameter £, the steeper the shape of the
paraboloid. The geometry size of a mastoid is as follow: basal
radius a, spacing b and height 4, as illustrated in Figure 8.

By investigating the one period lined out by the broken line
frame in the top view of Figure 8, we will find that the actual

area of the paraboloid is given by Equation 3. Therefore the
total area of the rough surface is expressed by Equation 4.

h y 2 8n
S1=2IO 2| 2| dy=""ah 3)
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Figure 8: Sketch of the mastoid array microstructure: a is the basal

diameter of a single mastoid, b is the space between two mastoids and
h is the height of the mastoid.

\\

S, =5 +[(2a +b)2 —naz} 4)

Its projected area is S, = (2a + b)?, then, according to the defini-
tion, the roughness coefficient » will be given by the following
Equation 5:

8n [ 2 }
—B+|(24+4) —n
A | 2) ®)
Sp (2+4)

In this formula, two surface characteristic values, i.e., periodic
space 4 (4 = b/a) and aspect ratio B (B = h/a) are defined.
When a droplet is at Cassie status, the bottom of it partially
contacts with the top of the mastoid and the contact depth h’ is
determined by the contact angle between the droplet and the
solid (namely Young’s contact angle 0vy), which is shown in
Figure 9. Since the size of the droplet is much larger than that of

__ droplet

. 2\ = X \\
y N S N

2a b

Figure 9: A droplet in Cassie state on the mastoid microstructure
surface.
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the microstructure, the bottom of the droplet can be approxi-
mated as a straight line and the contact area of the liquid—solid
can be approximated as the small paraboloid with base radius a’,
and height /'. According to Equation 3, the superficial area of
the small paraboloid can be obtained as

8T,
—a

hl
3 (6)

S| =

Since the equation of the parabola is y = kx2, at the interface,

there is:
dy
= =2ka' 7
i 7
At the same time,
d
Z_tan(n-6y) @®)
x

From Equation 7 and Equation 8, the base radius a' can be
given as
2
a
a'=——tan® (©)
on Y

The height 4’ can be obtained as

2

r_a 2
h :Etan Oy (10)

From Equation 9, Equation 10 and Equation 6 the area of the
small paraboloid can be obtained as

TCa4

S)=———tan’ Oy

2 (11)

According to the definition, the area fraction f of the solid
surface protuberance can be given as

Sy
I= 12
(2a+b)2—na'2+S1’ (12
Therefore f can be obtained as
12tan” 0
. (13)

) 12k(2+b/a)2 — mtan? Oy (3+4tan9Y)
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Substituting 7 in Wenzel’s equation [20,21] we will obtain the
relationship between the apparent contact angle on the wetted
surface, Oy, and Young’s contact angle 0y (i.e., the intrinsical
contact angle).

(8B-3)n

cosOy =
Yy

+1|cosOy (14)

Substituting f'in Wenzel’s equation [29,30] and Cassie’s equa-
tion [31,32], we will also obtain the relationship between the
apparent contact angle on the composite surface Ocg and
Young’s contact angle 0Oy.

12 tan® Oy

cosOcg =—1+
o 12k (2+ 4)° —mtan® Oy (3+41an 0y )

(1+cos9Y) (15)

As can be seen from the above two equations, the apparent
contact angle of Wenzel’s droplet on the mastoid microstruc-
ture arranged in a regular array is related to the periodic space,
A, and the aspect ratio, B. The apparent contact angle increases
with the increasing of B and decreases with the increasing of 4.
While the apparent contact angle of a droplet in Cassie state
decreases with the increasing of 4, but also relates to the steep-

ness, k, of the mastoid structure.

Equation 14 and Equation 15 can be used as theoretically
predicted formulas of the apparent contact angles on mastoid
array microstructure surfaces for the two contact states of a
droplet. They are also generally applicable equations for
expressing the relationship between geometric parameters of

mastoid array microstructures and the apparent contact angles.

Conclusion

Learning from nature gives us the inspiration to generate topo-
graphic structures on artificial surfaces, which improves the
characteristics of these surfaces. In this paper, we have studied
the microstructures on the surfaces of a mouse and a rabbit’s
heart valve cusps/leaflets by using SEM. The hierarchical struc-
tures can be found on the surfaces of heart valve leaflets from
both the mouse and the rabbit. The hierarchical structure
consists of a cobblestone-like microstructure and nano-cilia.
The directional arrangement of the cobblestones-like
microstructure and nanoscale cilia may greatly influence the
properties of blood flow and anti-clotting. According to the
morphology and microstructure of the biological surface, to
simplify the design and manufacturing, the mastoid microstruc-
tures arranged in a regular array have been constructed on the
artifical heart valve’s surface. Then theoretically predicted
formulas of the apparent contact angles on such surfaces have

been deduced from classical wetting theories. Next the proper
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geometric parameters of the microstructures that indirectly
control the difference of the apparent contact angles should be
decided. That will provide an intuitive guide for designing arti-
ficial heart valve surfaces. In later research, based on the above
theorical study we should manufacture the mastoid microstruc-
tures on the biological materials surface. Further study of the
relationship between anticoagulant properties and geometries of
the microstructure through the experimental method is needed.
Finding an artificial heart valve surface with better hemo-
compatibility holds great significance for the replacement of
mechanical heart valves.
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Over the last decade, significant effort has been put into mimicking the ability of the gecko lizard to strongly and reversibly cling to
surfaces, by using synthetic structures. Among these structures, mushroom-like elastomer fiber arrays have demonstrated promising
performance on smooth surfaces matching the adhesive strengths obtained with the natural gecko foot-pads. It is possible to
improve the already impressive adhesive performance of mushroom-like fibers provided that the underlying adhesion mechanism is
understood. Here, the adhesion mechanism of bio-inspired mushroom-like fibers is investigated by implementing the
Dugdale—Barenblatt cohesive zone model into finite elements simulations. It is found that the magnitude of pull-off stress depends
on the edge angle 0 and the ratio of the tip radius to the stalk radius p of the mushroom-like fiber. Pull-off stress is also found to
depend on a dimensionless parameter y, the ratio of the fiber radius to a length-scale related to the dominance of adhesive stress. As
an estimate, the optimal parameters are found to be f = 1.1 and 6 = 45°. Further, the location of crack initiation is found to depend
on y for given B and 8. An analytical model for pull-off stress, which depends on the location of crack initiation as well as on 6 and
B, is proposed and found to agree with the simulation results. Results obtained in this work provide a geometrical guideline for
designing robust bio-inspired dry fibrillar adhesives.

Introduction

We need to look no further than nature to find inspiration for
many of the technologies we work on today. One such field that
observations on natural systems have impacted significantly in
the recent years is adhesive technologies. While conventional

adhesives rely on very soft materials or viscous liquids, nature

offers a unique system composed of adhesive elements made of
relatively rigid materials. These adhesive elements are
comprised of millions of tiny fibers varying in size and geomet-
rical complexity depending on the animal that bears them [1].
Some insects, spiders, and anoles have fibers with effective
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diameters of the order of micrometers. Other animals such as
the gecko lizard bear micro-scale stalks, which branch down to
nano-scale fibers forming intricate hierarchical structures. The
common aspect of fibrillar structuring is its ability to conform
to the adhering surface, improve contact area and create an
attractive force between individual fibers and the surface. In
geckos, this attractive force is believed to arise from van der
Waals interactions between the terminal end of an individual
fiber and the surface [2,3]. A recent study by Hsu et al. [4]
suggests that the presence of phospholipids on the tips of the
fibers aid in adhesion. It has also been shown that humidity
levels change the clinging ability of geckos significantly [5-8].
Regardless of the adhesion mechanism, the cumulative effect
from the adhesion contribution of every fiber in contact is
capable of generating adhesive strengths up to 100 kPa [9] as
observed for the gecko lizard. A great deal of research has been
performed to analyze the structure of natural fibrillar adhesives
and measure their performance [2,3,6,8-11], to understand the
main principles of enhanced adhesion [12-25], and to fabricate
synthetic counterparts of biological fiber adhesives [16,21,26-
36].

A common aspect of natural fibers among species, which is of
interest in this work, is that the cross section of a natural fiber is
rarely constant along its longitudinal axis. It increases close to
its terminal end forming what is referred to in literature as
mushroom/spatulae-shaped fibers [2,21,30,33,37]. While initial
fabrication attempts for synthetic adhesives were limited to
constant cross section cylindrical fibers [16,20,34,35], the real-
ization of the actual shape of natural fibers has led to synthetic
mushroom-like fibers (Figure 1). Adhesives comprised of
mushroom-like fibers have shown significant improvements
over cylindrical fibers. Furthermore, measured adhesive
strengths have matched, and in some instances such as smooth
surface applications, surpassed the adhesive strengths recorded
for gecko footpads [21,30,33,37].

Work by del Campo et al. [21] reports enhancements in pull-off
loads as much as 40-fold with mushroom-like fibers over cylin-
drical fibers of equal height and stalk radius. Interestingly, for
the mushroom-shaped fibers that exhibited this enhancement,
the contact area is only 1.7 times the contact area of flat tip
cylindrical fibers. This fact points to the existence of an adhe-
sion enhancement mechanism other than just the increase in
contact area with mushroom-like fibers. Spuskanyuk et al. [38]
used the assumption of pre-existing annular cracks and
Griffith’s energy criterion for crack propagation to study the
enhancement mechanism for mushroom-like fibers. They
concluded that for a given load and crack length, the relatively
higher energy release rate for a cylindrical fiber induced pull-
off at significantly lower loads than mushroom-like fibers. In
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Figure 1: Scanning electron microscope image of polyurethane mush-
room-like fibers with 4 pm stalk radius, 8 ym tip radius, and 20 um
height.

their analysis, the ratio of pull-off force of a mushroom-like
fiber to that of a cylindrical fiber varies significantly depending
on the size of the annular crack. Carbone et al. [39] also looked
at the adhesion mechanism of mushroom-like fibers and
concluded that these fibers are superior to cylindrical fibers in
their ability to eliminate stress singularities as well as stabilize
defects at the interface. They considered edge angles to be 90°
and theoretically determined pull-off stress as well as propose
maps for detachment behavior of these structures. Carbone and
Pierro [40] performed further optimization studies to determine
an optimal shape for mushroom-like fibers based on the
microfiber geometry fabricated by Gorb et al. [33]. We compare
their results with findings in this work in section Results in
detail.

In this work we study the effect of geometry, defined by the
edge angle 0 and the ratio of the tip radius to the stalk radius f3,
on pull-off stress of mushroom-like fibers by using a cohesive
zone model and finite elements (FE) simulations. Description of
the cohesive zone model and numerical simulations are
included in sections “Cohesive zone model” and “Numerical
simulations”, respectively. After that, the results of the finite
element simulations are presented, and in the subsequent
section the detachment behavior of individual fibers, the effect
of tip apex shape and friction, a model to estimate pull-off stress
for mushroom-like fibers, and a comparison between cylin-
drical and mushroom-like fibers in terms of pull-off stress are
discussed.

Cohesive zone model

Adhesion problems can be studied by using a cohesive zone
model such as the Dugdale—Barenblatt (DB) model [41,42]. It is
a simple cohesive zone model in which the interface separates
when the normal interfacial stress reaches the theoretical
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strength of the interface o,,. The interface continues to separate
at o, until the separation reaches a critical distance J, after
which the interface can no longer support stress, resulting in a
crack to initiate. The region where the separation of interface
occurs is referred to as the cohesive zone. In this model, the
work of adhesion is given by w,gp = 6,0.. Tang et al. [15]
found the pull-off force of a soft, elastic cylindrical fiber in
contact with a rigid flat surface whose height is much larger
than its radius by using the DB cohesive zone model. According
to their study, normalized pull-off stress ® = 6/G, depends on a
single dimensionless parameter  defined as

coza(l - v2) _oga(l —vz)

1
2nES, W

A onEwg,

Here, a is the radius, E is the elastic modulus, and v is the
Poisson’s ratio of the fiber. The dimensionless parameter ¥ is
the ratio of the fiber radius to a length-scale related to the domi-
nance of the interfacial adhesive forces. Hence, when y << 1, an
attractive stress that is equal to the intrinsic adhesive stress
covers the entire fiber tip and the pull-off stress approaches the
theoretical limit, ® =1 (i.e., 65 = 6,). This regime is referred to
as the flaw-insensitive regime. On the other hand, when y >> 1,
o, acts over a small portion of the interface, which results in the
pull-off stress being much smaller than the theoretical limit,
05 << 0,,. This regime is referred to as the flaw-sensitive regime.
The non-dimensional parameter y is also relevant to the adhe-
sion problem of mushroom-like fibers. Thus, pull-off results
will be presented as a function of . Later in section Discussion,
a pull-off stress model based on y will be presented.

Numerical simulations

Simulations are performed for a mushroom-like fiber illustrated
in Figure 2 by using the analysis software COMSOL Multi-
Physics 4.3 FE. It is assumed that the fiber is in full friction
contact with a rigid smooth surface, which is in line with our
observations during experiments with mushroom-like
polyurethane fibers [32,37]. The DB cohesive zone model is
implemented and modified slightly to avoid divergence of the
numerical solution. Step function from zero stress to o, in the
cohesive zone model is replaced with a high stiffness relation
between the attractive stress and interfacial opening where the
interface is required to separate by 10% of §. before cohesive
zone forms (i.e., o, is reached) [24]. Unless stated otherwise,
the simulation parameters are a = 1 um, £ =3 MPa, v= 0.5 and
6, = 100 kPa. The tip radius a; is varied from 1.05 pm to 2 um
while the edge angle 6 is varied from 25 to 80°. It is important
to note that the tip corner (wedge) is chosen so that the wedge
angle is also equal to 0. The effect of the wedge angle being
different from 6 is briefly addressed in the section Discussion.
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The height of the fiber /4 is fixed at 10 um. Dimensionless para-
meter y is varied by changing J. for fixed a;, E, v and o,. While
applying a displacement A gradually to the base of the fiber, the
pull-off load is determined from the far field tensile stress ogp
the fiber bears when the maximum interfacial separation equals
d.. We found that the tensile load reaches its maximum at the
instant d is reached at the interface (see Figure 3). Knowing the
pull-off load pg, the pull-off stress is calculated from
Os = ps/(natz)'

S

Symmetry axis

Hl

i

Figure 2: Two-dimensional axial symmetry model for a mushroom-like
fiber. The tip (top surface) is fixed in radial direction to simulate full-fric-
tion contact. DB cohesive zone model is implemented at the tip of the
fiber in FE simulations.

Results

Pull-off stress for all tip-to-base ratios p = a; / a and edge angles
0 are shown for select y values in Figure 4. Contour plots show
clear peaks at B = 1.1-1.2 and 6 = 45° suggesting that these
values are optimal for maximum pull-off stress. As expected,
the peak pull-off stress drops with increasing y with the highest
value at ® = 0.97 for x = 5 and the lowest value at ® = 0.88 for
% = 40 both obtained for § = 1.1 and 6 = 45°. Figure 5a shows
pull-off stress for § =1.1 for all 0 as a function of . In line with
the data presented in Figure 4, 6 = 45° yields the highest pull-
off stress for all y, except when y << 1. In the regime where
¥ << 1, pull-off is flaw-insensitive and it is expected that ® = 1
regardless of B, 0, and . This confirms findings by Tang et al.
[15] and Gao and Yao [12].

In Figure 5a, one observes that for 6 < 45°, the pull-off stress
saturates towards a constant value as y increases. In contrast for
0 > 45°, the pull-off stress continuously drops with increasing .
The dependence of pull-off stress on the edge angle at the limit
¥ — o (i.e., 6 — 0) can be explained by using the study of
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Figure 3: Average tensile stress at the tip of the fiber (a) as a function of normalized far field displacement A/h, and (b) as a function of normalized
maximum interfacial separation 8,/d; for B = 1.2 and 6 = 25° (dark gray), 8 = 45° (light gray), and 6 = 75° (black). Here, 8; = 1 nm (x = 6). Peaks in
each plot for specific 6 coincide and correspond to normalized pull-off stress ®. Tensile load drops immediately after the maximum interfacial sep-

aration reaches the critical separation indicating that the contact is unstable following crack initiation. The discontinuity at 8,/5; = 0.1 prior to crack

initiation in (b) marks the instant when a cohesive zone starts to form.
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Figure 4: Normalized pull-off stress ® contour plots for x = 5 (top left), x = 10 (top right), x = 20 (bottom left), and x = 40 (bottom right) as a function of
B and 6. The peak @ for each case lies within B = 1.1-1.2 and 6 = 45°.
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Figure 5: (a) Normalized pull-off stress as a function of x for B = 1.1 and 6 = {25°, 45°, 60°, 80°}. (b) Normalized stress at the tip for A/h = 0.0217 for
the same 3 and 6 as in (a). A cohesive zone is present at the edge both for 6 = 60° and 8 = 80°, while it has not formed for 6 = 25° and 6 = 45° yet.

Bogy [43] on stress singularities at bimaterial wedge interfaces.
For a soft incompressible elastomer (i.e, Poisson’s ratio v = 0.5)
in full-friction contact with a rigid substrate, stress at the edge
of the fiber tip is finite for 6 < 45° and singular for 6 > 45°, (see
Supporting Information File 1 for details). Stress profiles of a
mushroom-like fiber with f = 1.1 and 6 = {25°,45°, 60°, 80°}
are shown for a far field displacement of A/A = 0.0217 in
Figure 5b. Due to the singularity, a cohesive zone is present at
the edge of the fiber both for 6 = 60° and 6 = 80° while cohe-
sive zone has not formed for 6 = 25° and 0 = 45° yet. Let us
assume that 3. = 0, which implies that pull-off will occur
shortly after the maximum tensile stress at the interface reaches
o,. If there is a stress singularity at the edge of the tip, normal
stress will be equal to o, at the edge the moment a tensile load
is applied to the fiber. The interface will open starting at the
edge and pull-off will depend on whether this opening is less
than or equal to 6.. On the other hand, if stress is finite every-
where at the interface, a sufficiently large tensile load has to be
applied before a cohesive zone starts forming. This implies that
regardless of the value of §., pull-off load has a finite lower
limit if 6 < 45°. The existence of this lower limit provides
robust adhesion because regardless of the value of y, one can
expect to obtain a pull-off stress equal to this lower limit in the
least. In particular for fibers with 8 = 45° and § = 1.1, this lower
limit for normalized pull-off stress is remarkably ® = 0.85

which ensures high and robust adhesion.

Let us compare our results with previous findings of Carbone
and Pierro [40]. Carbone and Pierro used the Griffith method to
design an optimal fiber shape based on the synthetic adhesives
developed by Gorb et al. [33]. They concluded that for optimal
adhesion, which is essentially a measure of pull-off force for a
single fiber, 2 < < 3 and s/a = 0.2-0.3. Here, s is the thickness

of the circular disk at the terminal end and s would be zero for
our case. The discrepancy between their findings and ours can
be attributed to three main factors. In their analysis, the apex
angle is fixed at 90°, which leads to a singularity at the edge for
fiber geometries if f < 2. As expected, the tip-size should be
large to eliminate this singularity (i.e., equivalent stress inten-
sity factor at the contact edge approaches zero), which necessi-
tates the condition for 2 < < 3. They then adjust s to avoid
stress peaks and ensure uniform stress distribution at the tip and
find that s/a =0.2-0.3 yields a peak free stress distribution. In
our case, the apex angle is a variable and for 6 < 45°, the singu-
larity at the edge disappears regardless of the value of B. There-
fore, the condition B > 2 is not a necessary condition for the
fiber geometry considered in this work, which is based on the
fiber shapes included in Figure 1 and previous studies [32,37].
We find B = 1.1-1.2 to be optimal for uniform stress distribu-
tion. The second factor is the difference in what is considered
optimal. In their study, Carbone and Pierro considered the far
field stress, a measure for the pull-off stress of a single fiber, as
the optimization function. Thus, the optimal parameters offered
are to maximize single fiber pull-off load. They include a
qualitative argument that increasing the tip size reduces the
maximum number of fibers per unit area, and therefore > 3
should be avoided. In our study, the optimization function is the
pull-off stress per unit contact area of a single fiber, which
quantitatively factors in the effect of contact area. The third
factor is that they determine their equivalent stress intensity
factor using both mode I and mode II stress intensity factors.
Mode II (fracture mode) opening was not considered in our
study and could be important especially for highly adhesive
interfaces. We therefore expect discrepancies between the
optimal solutions due to the differences in the model geometry,

optimization function, and adhesion modeling.
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Discussion

Crack initiation and pull-off model

The location of crack initiation (i.e., where the interface
opening equals §.) depends both on tip shape parameters 6 and
B, and the value of y. For 0 < 45°, since normal stress is finite
everywhere at the tip, cohesive zone forms when and where the
maximum normal stress reaches 6,. This location corresponds
to 7/a = 0 (center) for 0 = 45° and all B (refer to Figure 5b for
normal stress profiles). Simulation results show that the loca-
tion of crack initiation is independent of  for this set of tip
parameters. For 6 > 45° on the other hand, the crack initiation is
always at the edge for sufficiently large . For certain combina-
tions of B and 6, for instance f = 1.4 and 0 = 60°, although the
normal stress at the tip is highest at the edge, it does not
increase monotonically from the center to the edge of the tip.
Stress profile has a minimum at »/a = 1 (Figure 5b). For suffi-
ciently low y, gradually increasing far field displacement causes
a cohesive zone to form at the edge first. Since J is relatively
large for low y, increase in tension does not immediately result
in a crack to initiate at the edge. In the meantime the stress in
the center gradually increases reaching o, at which a second
cohesive zone starts to form. The center separates faster than
the edge, which results in a crack to initiate at the center. It is
observed that crack initiation switches to the center of the fiber
if stress at the center is able to reach o, prior to a crack initi-
ating at the edge.

Similar to the pull-off stress model proposed by Tang et al.
[15], derived with the assumption that the size of the cohesive

0.4F b p=120-80°(FE)
—— Equation (2a)

O p=12,0=45°(FE)

..... Equation (2b)

-1 0

10 10 10 10

(a) X
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zone is much smaller compared to the tip radius, pull-off stress

can be estimated according to where the crack initiates as

=55 _ B.[Bx]™* for edge crack,  (a) o
So |B.[ByI " +I,  forcenter crack. (b)

Here, a can be found for a given edge angle § using Equation
S1 in Supporting Information File 1. For a crack initiating at the
center, there is a square-root singularity and thus o = 0.5 as
shown in Equation 2b. The numerical constants B, and B, are
form factors that are determined by fitting Equation 2a and
Equation 2b to the simulation data for given B, 0, and . The
constant I'; is approximately the value of the pull-off stress
when the crack initiation switches from the edge to the center of
the fiber for 6 > 45°. It is determined by fitting Equation 2b to
simulation data. For 6 < 45° and a crack initiating at the center
for all y, I'; is the lower bound for normalized pull-off stress at
the limit y — oo. Figure 6 shows the simulation data and the
model fits using Equation 2a and Equation 2b.The proposed
model is in agreement with the simulation data except when
¥ — 0. Equation 2 is not valid in this regime as the cohesive
zone occupies a relatively larger portion of the tip. Additionally,
for certain combinations of B and 6, a crack initiates at r/a =~ 1
due to a stress peak at this location. Equation 2 is not valid in
this case.

Crack initiation at the center of the fiber shown in simulations
was also seen experimentally by Varenberg et al. [44], Heepe et

internal (center) ! circumferential (edge)

i
i
0.9 9 crack i crack
AN i
", i
0.8} Q.. i
R Q.. 1
K " |
=~
v 0.7+
I
S
0.6F
o B=14,0=60° (FE)
0.5F —— Equation (2a) ]
---- Equation (2b)
0.4 -

10" 10°

Figure 6: (a) Simulation results (triangle markers) for § = 1.2, 8 = 80° for which a crack initiates at the edge for all x. Solid line represents Equation 2a
with Bg = 0.84 and a = 0.36. Also included are the simulation results (circle markers) for 8 = 1.2 and 8 = 45° for which a crack initiates at the center for
all x. Dashed line represents Equation 2b with B, = 0.076 and I'; = 0.85. (b) Simulation results for = 1.4, 8 = 60° for which a crack initiates at the
edge for X > 7 and at the center for x < 7. Solid line represents Equation 2a with Bg = 1.2 and a = 0.21. Dashed line represents Equation 2b with B; =

0.17 and I'; = 0.68.
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al. [45], and Murphy et al. [32]. Both Heepe et al. and Varen-
berg et al. presented experimental results with mushroom-like
fibers by using high speed imaging and showed that the detach-
ment of the fiber was initiated with an internal crack. Similarly,
Murphy et al. observed under tensile loading of polyurethane
mushroom-like fibers that an internal crack formed and propa-
gated in a matter of milliseconds leading to contact failure.

All the simulation results show that @ = 1 in the flaw-insensi-
tive regime (y << 1) regardless of the value of 6 and B. This is in
agreement with Gao and Yao [12], and Tang et al. [15], who
suggest that for fibers with small radii (i.e., small y for a given
material and adhering surface), pull-off stress is equal to the

intrinsic adhesive stress and is independent of the tip shape.

The effect of interfacial friction

The choice of fiber material and the adhering surface could
result in friction ranging from no friction to full friction
between the fiber tip and the adhering surface. As shown in
Supporting Information File 1 (Figure S1), the magnitude of
singular stress at the vicinity of the tip apex is higher for full
friction interfaces than frictionless interfaces. Additionally, the
limit wedge angle for finite stress increases from 45 to 90°.
Thus, the full friction case represents the worst case scenario in
terms of the stress singularity at the apex of the mushroom-like
fiber and the optimal parameters found in this study, namely
B =1.2 and 6 = 45°, would be the conservative choices for
fibrillar adhesive design. Note that Equation 2a and Equation 2b
are still applicable for frictionless contact where one can obtain
o by using Equation S2 rather than Equation S1 in Supporting
Information File 1.

Pull-off stress comparison between mush-

room-like and cylindrical fibers

For y << 1, i.e., for very small fiber radii (typically less than
1 um), the pull-off stress equals intrinsic adhesive stress and is
insensitive to the tip shape. This is in agreement with our
results. However, for large ¥, the tip shape significantly affects
adhesion. Del Campo et al. [21] measured pull-off loads for
mushroom-like fibers and cylindrical fibers of the same height,
stalk radius and packing density. While they measured approxi-
mately 0.7 mN for cylindrical fibers with a hemispherical glass
indenter, the measured pull-off load was approximately 28 mN
with mushroom-like fibers, a 40-fold increase. Reported values
are approximate pull-off loads near saturation as interpreted
from the graphical data presented in [21]. Let us define an
enhancement factor e as the ratio of the pull-off load between
two different fiber arrays. For an experiment that uses hemi-
spherical glass indenter with a radius much larger than the
dimensions of an individual fiber in the array, the enhancement

factor of mushroom-like fibers over the cylindrical fibers with
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the same packing density, stalk radius, height, and material
becomes

2
P c
e= S, m _ B4 s, m ) (3)

s,C Os.c

Here, P, and P, are the pull-off loads for the mushroom-like
and cylindrical fiber arrays, respectively. The derivation of
Equation 3 is detailed in Supporting Information File 1. Their
experiments were carried out with polydimethylsiloxane
(PDMS) cylindrical and mushroom-like fibers. For cylindrical
fibers, @ = 10 pm and # = 25 pm. The tip radius for
mushroom-like fibers were a; = 13 pm and they shared the
same a and A with the cylindrical fibers. For both samples, the
packing densities (number of fibers per unit area) were the
same. According to our model, p = 1.3 and although the edge
angle was not reported in their work, we will assume 6 = 45° for
simplicity. For f = 1.3 and 0 = 45°, a conservative estimate of
normalized pull-off stress according to our model is o 1, = I'c0,
= 0.740,. For cylindrical fibers, o = 0.83y 94, as shown by
Tang et al. [15] For the described fiber arrays, Equation 3
becomes e = 2.27y9-8. Let us assume PDMS to be incompress-
ible (v = 0.5) with elastic modulus £ = 1.42 MPa [16]. For
glass—PDMS contact, wygy = 25 mJ/m? [46]. Let us also assume
an intrinsic adhesive stress of o, = 1 MPa, a reasonable value
for PDMS [47-49]. By inserting the materials properties, inter-
facial properties and fiber dimensions into Equation 1, one finds
%= 33.6 and in turn e = 38. This estimate is close to e = 40 that
del Campo et al. [21] obtained in their measurements.

The implications tip apex shape on pull-off

stress

The manufacturing technique used to fabricate mushroom-like
fibers may not yield a sharp corner (i.e., wedge) for individual
fibers at the edge of the tip [21,30,32,37,44]. This implies that
the wedge angle will be different from the edge angle defined in
this work, which may significantly affect the pull-off stress. To
demonstrate this effect, we performed simulations for mush-
room-like fibers with f = 1.2 and 0 = 45° employing three
different wedge shapes; namely 45° wedge, 90° wedge and
rounded wedge. The radius of curvature was set to 10 nm for
the rounded wedge. In case of the 90° wedge, a 10 nm high
rectangle was added to the tip (see Figure 7). For all three cases,
the size of the tip in contact was kept at 1.2 pm ensuring
constant § = 1.2. As shown in Figure 7, the wedge angle has
significant effect on pull-off stress for relatively high y values
where a crack initiates at the edge for both the rounded and 90°
wedge. Below a critical y, the pull-off stress for all three cases
follow the same path once a crack is initiated at the center indi-

cating little dependence on the wedge angle. Thus, a qualitative
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Figure 7: (left) lllustration of three different wedge angles for the mushroom-tipped fibers with B = 1.2 and 8 = 45°. (right) Simulation results for 45°
wedge (diamond markers), 90° wedge (square markers), and rounded wedge (circular markers).

argument suggests that while fibers with small diameters and
high elastic modulus (large ) favor wedge-angle independence,
the dependence of pull-off stress to the wedge angle is signifi-
cant for high strength interfaces (small ). This is assuming that
the critical separation distance is in the order of 1 nm and some-
what constant for van der Waals interactions.

Conclusion

In summary, the pull-off stress for an individual mushroom-like
fiber was modelled using DB cohesive zone model and FE
analyses. This study revealed critical information about the
detachment mechanism of mushroom-like fibers and how this
behaviour is influenced by the geometry as well as the interfa-
cial properties. A simple geometrical guideline to ensure high
and robust adhesion relative to the intrinsic adhesive stress was
offered. While these results are important for designing dry
fibrillar adhesives, they are only concerned with the perfor-
mance when the loading is axial. The effect of shear loading
should also be considered along with the results of this study in

designing fibrillar adhesives.

Supporting Information

Supporting Information File 1

Details of mathematical modeling.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-74-S1.pdf]
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It has been recently demonstrated that adhesive tarsal setae of beetles possess material gradients along their length. These gradients

presumably represent an evolutionary optimization enhancing the adaptation to rough surfaces while simultaneously preventing

clusterisation of the setae by lateral collapse. The numerical experiment of the present study has clearly demonstrated that gradient-

bearing fibers with short soft tips and stiff bases have greater advantage in maximizing adhesion and minimizing clusterisation in

multiple attachment—detachment cycles, if compared to the fibers with longer soft tips on the stiff bases and fibers with stiff tips on

the soft bases. This study not only manifests the crucial role of gradients in material properties along the setae in beetle fibrillar

adhesive system, but predicts that similar gradients must have been convergently evolved in various lineages of arthropods.

Introduction

The contact formation of insect adhesive pads on various
substrates depends on the pad ability to adapt to different
surface topographies. The quality of contact may be increased
due to the presence of specific micro- and nanostructures [1-5].
Crack trapping mechanisms in adhesive systems with multiple
contacts provide advantages in attachment on rough substrates
[6]. Also hierarchical organization of insect pad structures
enables formation of multiple contacts that contribute to an

enhancement of overall length of the total peeling line [7].

We have recently shown that thin tape-like contact tips of hairs
(setae) in combination with applied shear force lead to the for-
mation of maximal real contact area without slippage within the
contact [8]. Due to this reason, the material flexibility is impor-
tant for contact formation of adhesive pads. Flexible materials
may generate large contact area between the pad and substrate
at minimal normal load. On the other hand, elongated struc-
tures, made of too flexible materials, have low mechanical

stability [9]: insect setae made of too soft material can buckle
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and collapse resulting in so called clusterisation/condensation
[10,11]. Due to such clusterisation, functional advantage from
multiple adhesive contacts may strongly decrease. That is why,
material properties of insect adhesive setae represent an opti-
mization problem, which is solved in the course of biological
evolution by the presence of gradients of thickness and mechan-
ical properties. Thickness gradients of insect setae are well
known in various adhesive setae due to numerous scanning
electron microscopy studies [1]. Recently, we presented the
combined study on the material structure and local mechanical
properties in tarsal setae of the beetle Coccinella septempunc-
tata and demonstrated the presence of a material gradient at the
level of each single seta [12].

Setal elasticity modulus, probed by atomic force microscope
(AFM), ranges from 1.2 MPa at the tip [12] to 6.8 GPa at the
base. At the setal tip, we revealed the rubber-like protein resilin
in rather high concentrations [13,14], whereas at the base of the
seta the sclerotised cuticle is dominating. Between tip and the
base, there is a gradient of material composition revealed by
confocal laser scanning microscopy (CLSM). This gradient is
hypothesized to be an evolutionary optimization enhancing

Beilstein J. Nanotechnol. 2014, 5, 837-845.

adaptation of adhesive pads to rough surfaces, while simultane-
ously preventing setal clusterisation. Such an optimisation
presumably increases the performance of the adhesive system in
general. However, this hypothesis is difficult to prove experi-
mentally using native biological specimens. That is why we
decided to test it by the numerical simulation, which is the main
aim of the present study.

In this paper we ask following questions:

1. Does the presence of the material gradient along the
setae contribute to the proper contact formation?
2. Which particular gradient reduces clusterisation of setae?

Results and Discussion

Structure and material properties of bio-
logical system

Previous CLSM analysis of the setal tips has clearly demon-
strated the presence of the rubber-like protein resilin in rather
high concentrations [12,15]. Both central and proximal parts of
the setae were dominated by green, yellow and red autofluores-

cences due to the presence of other presumably sclerotised

Figure 1: Morphology and material composition of adhesive tarsal setae. Ventral part of the second adhesive pad of a foreleg of a female Coccinella
septempunctata, lateral view. (a) Scanning electron micrograph (the specimen was dried using 1-propanol). (b) CLSM maximum intensity projection
showing an overlay of the four different autofluorescences mentioned in the text. The arrows indicate the dorso-ventral material gradient in exemplary
setae. S, exemplary spatula-like seta; P, exemplary seta with a pointed tip. Scale bars, 25 ym. From [12] (Nature Publishing Group).
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proteins and very likely chitin (Figure 1). Between the resilin-
dominated distal part and more sclerotised basal part of the seta,
a rather pronounced longitudinal gradient of material compos-
ition was revealed. AFM-nanoindentation experiments have
revealed rather low elasticity modulus at the setal tip
(1.2 £ 0.3 MPa), but the high one at the setal base
(2.43 £ 1.9 GPa) [12]. This information about the gradients of
material properties in real beetle setaec was used in the numer-
ical model presented below.

Numerical model

In principle, to model mechanics of the setae a classical beam
theory can be applied. However, for long array of the beams it
needs in extremely time consuming numerical calculation. To
avoid it we apply here minimalistic, but quite realistic model,
which was proposed for the same system few years ago and
described in details in the paper [16]. Here we adapt the model
to include gradient material properties of insect setae. The
model includes following elements. An array of initially
parallel fibers attached to a hard planar base. Stiffness of
the fibers Fj,zic 18 continuously varied along their length
and can be changed from very soft one to much stiffer or
even almost rigid one (but still with some degree of flexibility).
Longitudinal Pi]Hk and transversal ﬁf‘ stiffness of
the fibers are simulated by the following interaction between
the segments ﬁJHk =KH(7J~ —7,()[1—(7/. —7k)2 /drz}, and
Fir =K@ =Ty =)

Here we limit ourselves by two-dimensional model, where
values 7] ={x .Y} are the coordinates of the beginning of the
segment j; k =j + 1. Longitudinal force, ﬁJ”k’ is described by a
two-minima potential, which tends to keep a distance between

the points #; and 7jirl close to the equilibrium length of the

7.
j =

segment dr. Transversal force, F jl keeps 71 close to the mean

value (¥, +7;_)/2 between its nearest neighbors, and tends

to hold the angle between the neighboring segments close to

180°.

The ends of the fibers are attracted to the surface by a sum of
molecular and capillary forces. For the sake of simplicity we
simulate it by the gradient of Morse potential U, zy(r) = Uy(1 —
exp(—r/ro))%, where r is a distance between the end of fiber and
surface, with physically reasonable amplitude Uy = 10 nN-nm
and the minimum located at the distance ry = 0.01 um from the
surface [17,18].

Rigid surface of the substrate, where the fibers attach to, has
semi-fractal structure with given Fourier spectrum and ampli-
tude of roughness [8]. It can be simulated similar to the ap-
proach we previously used in [8] by the self-affine fractal

surface given by real part of Y(x)= A”dqu(q)exp(iqxx+ 0)

Beilstein J. Nanotechnol. 2014, 5, 837-845.

with scaling spectral density. Here A4 is amplitude of surface
roughness, 7 is imaginary unit, ¢, are Fourier components along

x direction, and { is a random phase.

Details of the generation procedure for the profile Y(x) have
been described in a number of previous papers [19,20]. In the
current literature [21] it is accepted that majority of physical
surfaces have scale-invariant spectrum C(q) = 1/¢P with expo-
nent = 0.9. The amplitude of the numerical “surface” is taken
to be comparable with the radius of van der Waals interaction
A =ry.

Soft parts of every fiber, which normally are physically thin and
flexible, interact with corresponding regions of other fibers of
the array. Since for the majority of studied biological fibrillar
adhesive systems, there is no evidence that seta—substrate and
seta—seta interactions are different, we assumed that interaction
force has the same (van der Waals) origin as their attraction to
the hard wall. Assumptions similar to this have been also previ-
ously taken by other authors for their models [10,11]. Due to
this, it is natural to take it in the same form Ujyseracd(rji) =
Ug(l—exp(—rjk/ro))2 with comparable characteristic parameters
Uy,ro. For simplicity of the model, we reduce mutual inter-
action of the fibers by the interaction of the nearest neighbors:

2 -
Tan+1 _‘rn _rnil‘-

For studied problem, one can neglect effects of inertia and treat
the system as over-damped. In this approximation, differential
equation of motion does not contain second time derivative and
can be formally written in the form 67/ ot :ﬁ/y, where vy is
dissipative constant and force accumulates all above interac-
tions F = ﬁe,amc + ﬁvdW +1?1-memct‘ As usually, corresponding
components of the forces in the equations of motion are equal to
the derivatives: Fyy =0U,qy 0z Fyyy =0U,qy | Ox,
Fl . =0Ul

N A2/ A, )
elastic elastic / 0z, F, elastic — aUelastiq / ox a n d
z,] — J CXsJ — J
Fbending - anending /6Z’Fbending - anending /ox. Below we

‘a-posteriori’ normalize y~! to get typical relaxation times of the

system (around 10 ms).

Conceptual structure of the model is illustrated in Figure 2.
Rigid surface of the substrate is shown by upper solid curves. In
order to understand the potential functional role of the material
gradients found in beetles [12], we study three different kinds of
fiber arrays: (a) long stiff fibers with short elastic ends; (b) long
elastic fibers connected to the basal plate by the short hard
roots; (c) relatively stiff fibers with short soft elastic filaments
connected to the base. All these variants are shown in subplots
(a), (b) and (c) respectively.

In all the cases the stiffness of the fibers is continuously varied

along vertical coordinate. To simulate it we apply smooth step
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Figure 2: Typical configurations of the filamentary structure (setal array) attached to the stiff support (below) in adhesive contact with random fractal
surface (above). This numerical model was used to mimic biological setal arrays shown in Figure 1. Three types of fibers, (1) stiff fibers with short
elastic ends, (2) long elastic fibers connected to the base by short stiff roots, and (3) stiff fibers with soft elastic segments near the base are shown in
subplots (a), (b) and (c), respectively. Different stiffness of segments is conditionally shown by circles with different colours. Stiff, medium and soft

segments are marked by black, red and green circles, respectively.

function O(y) = 1/[1 + exp(—(y — y9)/A)] with regulated position
of bend y( and width A. This function tends to unit, when y <<
0, and gradually goes to zero in the opposite limit. This allows
modeling all above mentioned cases in common approach.
Stiffness previously experimentally estimated for insect adhe-
sive setae are as follows: 1.31 N'-m™! (fly Calliphora vicina
[22]), 0.192-0.693 N-m™! (beetle Gastrophysa viridula [23]).

To illustrate different stiffness of fiber segments shown in the
Figure 2, we formally divided the stiffness into three regions:
(1) close to the maximal stiffness, (2) less than half of the
maximal stiffness (a region around y, with the width A), and (3)
less than 0.1 of the maximal stiffness. These parts are condition-
ally shown in the plots by different colours. Stiff, medium and
soft segments are marked by black, red and green circles res-
pectively. It is important to mention that our model is certainly
limited. It does not account for plastic deformations, geomet-
rical nonlinearity due to large deformations or friction effects. It
is focused only on study of the effect of stiffness gradient on
contact adhesion problem.

Our numerical procedure is organized as follows. We take origi-

nally unperturbed arrays of parallel fibers attached to the hori-

zontal hard base, bring them into contact with numerically
generated rigid fractal surface and solve numerically differen-
tial equations of motion by standard procedure of Matlab soft-
ware. The fibers distort due to interaction between them and
surface as well as due to their mutual interaction with the neigh-
bors. Many of fibers are attracted to the same individual asperi-
ties of the surface. This attraction enhances their mutual inter-
action in contrast to original unperturbed state.

One can record time-depending distortions of the fibers as well
as variation of the interaction forces, to control the process of
contact formation and stop it, when the system reaches certain
stationary configuration. After this, we can remove rigid sub-
strate surface and allow the system to relax spontaneously to
some new stationary state.

Many of the fibers, which were preliminary attracted to the
same asperities of the surface, still strongly interact and remain
close one to another, collecting into local clusters. Mutual
attraction between the fibers competes with the elastic forces
inside the fibers which try to return them to the straight pos-
ition and the whole array as well to its original parallel-orga-

nized structure. Further scenario of setal arrangement develop-
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ment certainly depends on the relationship between these forces
and their spatial distribution. In some cases, structure can return
back to the original state, but in some cases it can not. If it is so,
the fibers remain collected into strongly confined bunches (so-
called clustering/condensation phenomenon).

This phenomenon is very important from the practical point of
view, because the clustered system is not ready to attach effi-
ciently to every new surface during next contact events. That is
why, in the present work, we mainly concentrated on the study
of this effect. Qualitative results related to the clustering are
summarized in Figure 3, where the same systems shown in
Figure 2 are presented after their detachment from the surface
and sufficiently long transient period of relaxation to the static

state.

It is clearly seen that in contrast to strongly clustered systems
with long flexible (Figure 3b) or long hard filaments
(Figure 3c¢), the system with long hard filaments having short
flexible ends (Figure 3a) practically returns back to its original
configuration. This observation leads to a very important ques-
tion. To get complete return to the original state after relaxation,
it is important to have quite short flexible ends of the fibers in

Beilstein J. Nanotechnol. 2014, 5, 837-845.

contrast to their complete length, but may be strong deforma-
tion of these ends in attached state is not enough to produce

sufficiently strong attachment force?

To compare attraction forces in all the cases (a)—(c), we
performed their accumulation over all contacting segments
during entire time interval of the attachment (Figure 4). Let us
remind that first stage (attachment) of our numerical experi-
ment is organized as follows. We take originally unperturbed
arrays of parallel fibers and put them on the horizontal rigid
base, at fixed distance from numerically generated rigid fractal
surface. The fibers adapt to the surface. During this process the
force between them and surface changes and we record its time
dependence while it reaches stationary asymptotic value.
Because rigid horizontal base is fixed the force never falls down
to zero, but tends a constant value depending on the case
(a)—(b). It is seen from the Figure 4 that maximal forces in the
cases (a) and (b) are comparable. Moreover, the potential
barrier (the difference between maximum of force at the begin-
ning and its minimum, which system gets after good adaptation
to the rigid surface) is even higher in the case (a). Qualitatively
this effect appears, because flexible filaments are too long in the
case (b). Last case (c) with long hard filaments rotating around
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Figure 3: The same system as presented in Figure 2 shown after detachment from the fractal surface and sufficiently long relaxation to the static
state. The difference between strongly clustered systems having either long elastic (b) or long stiff filaments (c) and the system with short soft ends
(a), which practically returns back to its original configuration, is clearly seen. See also complementary movies 1, 2, 3 (Supporting Information File 1),

which correspond to the cases (a), (b), (c), respectively.
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their flexible roots, cannot perfectly adapt to the surface. As a
result, maximum of the attachment force here remains much
lower than in two previous cases (a) and (b).

(b)
(a)
o ()
% 10 20 30

Figure 4: Time depending vertical forces developed during attach-
ment of initially unperturbed systems to the hard surface. Solid,
dashed and dash-dotted lines correspond to the cases (a), (b) and (c)
of previous figures, respectively.

To accumulate time-dependent information about deformations
of the fibers we calculate array {dx;}, j = 1,2,...N, of the
distances between contact ends of the nearest neighbors dx; =
Xj+] = Xj. Let us note that we are using dxj for small but finite
distances (not differential). We use this notation to conserve
coincidence with all our previous publications using the same or
close models and hope, it will not cause any misunderstanding.
Time evolution of every such array during complete attach-
ment—detachment cycles for all (a)-(c) cases is shown in

0 50
t, ms

50 100 0 50
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Figure 5. Each line in the plots corresponds to one particular
time-depending distance between a pair of the closest neigh-
bors dx; = xj+1 — x;. All these distances are normalized to the
distance of original unperturbed periodic system, so dx; = 1 at
t=0.

The history of the process is clearly seen from the plots. When
some fibers are attracted to the same asperities of the surface
and form the clusters, the distance between their ends goes to
zero dx; = xj4 — x; — 0. At the same time, the distance between
the fibers from different clusters generally grows. This distance
must correlate with a characteristic distance between the asperi-
ties, but it remains random for random fractal surface. Finally,
attached configuration delivers a complex compromise
between: (1) stiffness of the fibers; (2) fractal structure of the
surface; (3) strengths of all the interactions.

When the surface is removed, the system of fiber array relaxes
to new final configuration which is driven by a compromise
between stiffness and mutual interaction of the fibers only. If
stiffness dominates, the system can return to the original unper-
turbed state. Time-depending history of this process is clearly
recorded in the subplot Figure 5a. It is interesting to note that
stiff fibers of case (c), having strong elastic energy cannot
completely return back to initial state. They remain glued by
their top ends.

To analyze the results statistically one can calculate histograms
of the probability P = P(dx) to find a particular value of the dis-
tance dxj = Xj+] T X between nearest fibers. It is done for a

100

t, ms t, ms

Figure 5: Time evolution of arrays {dx;} of distances j = 1,2,...Ny between ends of nearest neighbors dx; = x;.1 = X; during single attachment-detach-
ment cycle for the same cases (a)—(c) as before. All the distances are normalized to the distance of original unperturbed periodic system: dx; = dxg at
t=0. Each line in the plots corresponds to a time-depending distance between one pair of the neighbors dx; = X;+1 = X;. In attached state, all the fila-
ments tend to a configuration, which represents certain compromise between stiffness, adhesion to the surface and mutual interaction of the fibers.
After detachment, the system relaxes to asymptotic configuration corresponding to a compromise between the stiffness and mutual interaction of the

fibers only.
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sequence of discrete time steps and summarized in Figure 6.

The cases (a)—(c) in this figure are the same as above.

These data make information presented in Figure 5 clearer.
Initial peak of the probability around dx = 1 corresponds to
almost unperturbed configuration at small time, just the first
contact with the surface. As time goes by around 25 ms all three
types of systems deform their filaments into the configurations
with smooth distribution P(dx). It means that different distances
dx; = x;+1 — x; appear with comparable probabilities. With the
time, in systems with soft ends ((a) and (b)), many fibers are
attracted to the same asperities of the surface. As result the
probabilities get well pronounced maximums near dx =~ 0. After
detachment all the systems tend to asymptotic probability distri-
butions which perfectly agree with the observed final configura-
tions shown in Figure 3 and Figure 5.

Biological significance

Pure bulk materials are absent in biology: biological materials
are always composites. Also material gradients are well known
in biological systems, where particular change in composition
of different bulk materials along a biological structure may lead
to novel and often unexpected properties. This has been previ-
ously shown for insect cuticle [24,25], snake skin [26], human
teeth [27,28], and other biological composites.

The gradients have been also recently reported for smooth
attachment devices of insects [29]. Interestingly, the gradients
in smooth pads of locusts and bushcrickets are different from
gradients reported in hairy pads of ladybird beetles [12].
Smooth adhesive pads consist of a softer core covered by a
stiffer layer, whereas hairy pads have opposite arrangement:
stiffer bases combined with softer distal part. Both types of

Beilstein J. Nanotechnol. 2014, 5, 837-845.

gradients combine conformability to the surface roughness of

the substrate and resistance to the environment.

The opposite directionality of gradients can be well explained
by difference in pad architecture. Smooth pads consist of
branching rods or cellular foams, which in combination with
fluid-filled spaces between solid structures hold the shape of the
pad. This principle is combined with the presence of a rela-
tively stiff superficial layer that terminates the fibers. The layer
keeps the distance between tips of fibers at some constant value
(and in species living in arid environments protects the pad
from desiccation) [29,30]. In the hairy pads, adhesive setae are
not terminated by continuous layer and can potentially buckle
and cluster together [10,11]. As strong degree of clusterisation
leads to the decrease of functional advantages from multiple
contacts [7], this is reduced by the presence of gradients of
thickness [1] and mechanical properties [12].

Whereas disadvantages of purely stiff and purely soft fiber
arrays are intuitively clear, it is difficult to judge about the
advantages of various gradients from the fiber base to the fiber
tip (soft-to-stiff/downstream and stiff-to-soft/upstream). The
numerical experiment of the present study has clearly demon-
strated that gradient-bearing fibers with short soft tips and stiff
gradients (short upstream gradient) has greater advantage in
maximizing adhesion and minimizing clusterisation in multiple
attachment-detachment cycles, if compared to the fibers with
longer soft tips on the stiff bases (long upstream gradient) and
fibers with stiff tips on the soft bases (downstream gradient).
Such short upstream gradients were recently described in
beetles [12], however, we can predict that similar gradients

must have been convergently evolved in various lineages of

arthropods.

Figure 6: Statistical analysis of the plots presented in Figure 5. The sequences of the histograms show time evolution of the probability P = P(dx) to
find a particular value of the distance dx; = x;+1 — x; between nearest fibers. The cases (a)—(c) are the same as above. Starting from unperturbed con-
figuration (initial peak of probability around dx; = dxo) all the systems evolve to the smooth distributions P(dx). In clustered attached state (see cases
(a) and (b)) the probabilities have well pronounced maximums at dx = 0. After detachment from the surface all the systems tend to the distributions
P(dx), which perfectly agree with the observed final states shown in Figure 3 and Figure 5.
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Supporting Information

Movie 1: Behaviour of the model array of setae/fibers,
which have short soft ends and stiff bases during
attachment-detachment cycle (a). Different stiffness of the
segments of fibers is conditionally shown by different
colors. Stiff, medium and soft segments are marked by
black, red and green circles respectively. The subplots in
the bottom (from left to right) show time dependent vertical
force, evolution of the array of distances dxj = Xjr T X
between contact ends of nearest neighbors and instant
histogram P(dx) of the distribution of these distances. It is
seen directly from the movie, how the system deforms near
the surface and how it gradually returns back to the original
state after detachment.

Movie 2: The same as Movie 1 for the array of long soft
fibers. The colors and subplots are the same as those in the
Movie 1. In contrast to the previous case, this system
cannot overcome strong deformations of mutually glued
filaments and does not return to the original unperturbed
state.

Movie 3: The same as the previous Movies 1 and 2 for hard
fibers softly connected with the bottom plate by few soft
intermediate segments. Despite of stiffness of the filaments
the structure is still able to adapt to the surface due to fiber
rotation around their soft parts. As result, system gets quite
satisfactory attachment to the rough surface, but it
practically does not return back to the initial unperturbed
state after detachment.

Supporting Information File 1

Movies 1-3.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-95-S1.zip]
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Quinone tanning is a well-characterized biochemical process found in invertebrates, which produce diverse materials from

extremely hard tissues to soft water-resistant adhesives. Herein, we report new types of catecholamine PEG derivatives, PEG-NH-

catechols that can utilize an expanded spectrum of catecholamine chemistry. The PEGs enable simultaneous participation of amine

and catechol in quinone tanning crosslinking. The intermolecular reaction between PEG-NH-catechols forms a dramatic nano-scale

junction resulting in enhancement of gelation kinetics and mechanical properties of PEG hydrogels compared to results obtained by

using PEGs in the absence of amine groups. Therefore, the study provides new insight into designing new crosslinking chemistry

for controlling nano-scale chemical reactions that can broaden unique properties of bulk hydrogels.

Introduction

Water-resistant adhesives secreted by marine mussels, stiff cuti-
cles synthesized by insects, and sharp beaks found in squids
appear to be drastically different biomaterials (Figure 1a—c)
[1-6]. Not only their mechanical properties, but also their bio-
logical functions are distinct: The adhesives anchor mussels in
place for survival and colonization, the cuticles securely protect
insects from predators, pathogens, and environmental stresses,
and the beaks act as a non-mineralized knife for capturing prey.

However, despite such differences in biological function, the
molecular basis for the formation of the beaks, the cuticles, and
the adhesives is similar. The process is called quinone tanning,
which is defined by chemical crosslinking of proteins by a
variety of reactive quinones. For mussel adhesives, DOPA-
quinone is formed by oxidation of a catecholic amino acid, 3,4-
dihydroxy-L-phenylalanine (DOPA). Subsequently, DOPA-
quinone rapidly reacts with basic amino acids, such as lysine
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Figure 1: Biomaterials formed by quinone tanning processes found in (a) squid beaks, (b) insect cuticles, and (c) mussel adhesives. Representative
chemical reactions were shown for each biomaterials (a,b,c top). Synthetic PEG derivatives that can mimic the natural catecholamine-involved
quinone tanning due to the presence of secondary amine: (d) mPEG-NH-catechol for a model reaction, and (e) 6Arm-PEG-NH-catechol for hydrogels.

and/or histidine, forming covalent adducts of DOPA-DOPA,
lysyl-DOPA, and/or histeinyl-DOPA [7-9]. For insect cuticles,
the quinone tanning (i.e., sclerotization) occurs via crosslinking
of cuticular proteins in which primary amines, secondary
amines, and phenols from the proteins react with N-acetylcate-
cholamines [9-11]. For squid beaks, the reaction between the
imidazole of histidine and DOPAquinone is the primary mecha-
nism for mechanical hardening of the beaks (Figure 1a—c) [6].

The quinone tanning process has been a useful method to create
chemically functionalized interfaces regardless of the chemistry
of materials. Recently, we and other research groups have
reported novel strategies for the functionalization of virtually
any material surfaces by using synthetic catecholamine poly-
mers such as poly(dopamine) [12], poly(norepinephrine) [13],
and poly(ethylenimine)-catechol [14]. The surfaces modified by
those catecholamines exhibited a variety of functionalities such
as protein-immobilization [15], facilitating cell adhesion [16],
attenuating in vivo toxicity [17], initiating bio-mineralization
[18], graphene nano-composites [19], and bio-inspired adhe-
sives [20,21]. In addition to the interface science and engi-
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neering, methods to prepare bulk materials such as
poly(ethylene glycol) (PEG) and pluronic hydrogels have been
reported [22-26]. However, most previous work utilized cate-
chol—catechol crosslinking by using catechol end-functional-
ized polymers, which limits the control of important variables in
hydrogels such as gelation kinetics and mechanical properties.

Herein, we report new types of PEG derivatives (linear mPEG-
NH-catechol and branched 6 Arm-PEG-NH-catechol) that offer
an expanded spectrum of catecholamine chemistry. In the PEG
derivatives, catechol and secondary amine coexist that can
effectively mimic the chemical process of catecholamine-
involved quinone tanning. The hydrogels produced by cate-
cholamine crosslinking using 6 Arm-PEG-NH-catechol exhib-
ited enhanced mechanical properties and rapid gelation
compared to the hydrogel prepared by PEGs that can only use
catechol-catechol crosslinking. This study demonstrates that the
chemical configuration by inserting both secondary amine and
catechol expands the properties of PEG hydrogels, which can
provide new insight into designing hydrogels prepared by other

polymers using quinone tanning chemistry.
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Results and Discussion
Quinone tanning reactions of catecholamine

PEGs

Preparation of linear (5 kDa) and 6 Arm-PEG-NH-catechol
(15 kDa) was performed by a simple one-step reductive amina-
tion between 3,4-dihydroxybenzaldehyde (DHBA) and linear or
6Arm-PEG-NH, (Figure 1d and Figure le). Primary amines are
difficult to be chemically tethered to PEG-catechol, because the
typical reaction (i.e., EDC coupling) is the formation of an
amide bond between the primary amine and the carboxyl group.
Instead, we could easily generate secondary amines by using
aldehyde chemistry, in other words reductive amination reac-
tion, for the PEG-catechol to contain secondary amine groups.
Secondary amines are also well-known to be reactive with cate-
chol, which has been found in natural organisms [6]. The pro-
duct was purified by dialysis (MWCO = 3 kDa for linear PEG
and MWCO = 10 kDa for 6Arm-PEG) for two days and was
subsequently lyophilized. White powders were obtained for
both PEG derivatives. An absolute negative result from the
ninhydrin test indicated that all amine groups of linear and
6Arm-PEGs had reacted with the catechol derivatives. Control
polymers with the absence of secondary amines, linear and
6Arm-PEG-catechols, were prepared by an amide bond forming
reaction using the BOP/HOBt/DIPEA coupling with 3,4-dihy-
droxyhydrocinnamic acid (DHCA) and linear or 6Arm-PEG-
NH,.

To investigate the effect of secondary amines on the results of
quinone tanning, both linear PEG derivatives, mPEG-NH-cate-
chol and mPEG-catechol, underwent the same crosslinking
reactions in phosphate buffered saline (pH 8.0 with 0.3 mM
NalOy) (Supporting Information File 1, Figure S6). Quantitat-
ive analysis of the crosslinked PEG products was performed by
gel permeation chromatography (GPC). GPC results showed
that the peak that appeared at 18 min of elution time is unre-
acted monomer (Standard data of unreacted monomer:
Supporting Information File 1, Figure S5), and the other peaks
eluted at around 17 min or earlier indicate multimers resulting
from the quinone tanning reactions. The peak intensities of the
multimers and the monomer were varied depending on the
concentration of NalO4, which initiated the quinone tanning
reaction. It was found that maximum intensity of the multimer
peaks was obtained at 1.5 equiv NalOy4 to catechols for both
mPEG-NH-catechol (Supporting Information File 1, Figure S6,
left) and mPEG-catechol (Supporting Information File 1, Figure
S6, right). The entire range of NalO4 added to the reaction
mixtures was 0.25-2 equiv to catechols. Amounts of NalOy4
higher than 1.5 equiv no longer affected the results of the
crosslinking. In fact, the intensity of the multimer peak for
mPEG-NH-catechol was decreased, when 2 equiv of NalOy
were used. One equivalent of NalOy4 to catechol is enough, but
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in practice a slight excess of NalO4 was found to be necessary

for maximal crosslinking.

Quantitative analysis of crosslinked PEG
products with GPC

One notable result was that the relative amounts and the molec-
ular species of the multimers formed by quinone tanning reac-
tions exhibited large differences between mPEG-NH-catechol
and mPEG-catechol. For mPEG-NH-catechol, multimers were a
major component (Figure 2a) but became a minor molecular
species for mPEG-catechol. The monomer was dominant in the
mPEG-catechol reaction mixture (Figure 2b).

a)

b)

i monomer dimer

trimer monomer

tetramer

15 16 17 18 19 20
Elution time (min)

16 16 17 18 19 20
Elution time (min)

c) 100 8 d) 100
80 80
60 60 5 3
40 2 40
20 - 20
0 0
multimer monomer multimer monomer
[o]

e) '(o\/)’;ﬂ /\@0H
N OH

e
;L\-\{Y

Figure 2: Comparative analysis of crosslinking products of mMPEG-NH-
catechol and mPEG-catechol. (a,b) GPC data obtained from
crosslinking at a stoichiometric ratio of NalO4:catechol = 1.5:1. The dot
lines indicate each elution time of PEG standards with molecular
weight of 5, 10, 15, and 20 kDa. The quantitative multimeric and
monomeric ratio of crosslinked mPEG-NH-catechol and mPEG-cate-
chol were shown in (c) and (d). (e,f) Schematic results comparing
nanoscale junctions formed by (e) mMPEG-NH-catechol and (f) mPEG-
catechol.

The molecular weight analysis of the GPC products showed that
the multimer peak consisted of dimeric, trimeric, and tetrameric
PEGs, composing up to about 80 percent of the total product in
the mPEG-NH-catechol reaction mixture (Figure 2¢). However,
for mPEG-catechol, the GPC analysis showed that only dimeric
and trimeric PEGs was formed. No indication of tetramers was
found in the reaction mixture, and a large amount of unreacted

monomer, about 50 percent, remained (Figure 2d). The lines in
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Figure 2a and Figure 2b indicate the elution time of standard
PEG compounds with known molecular weight and configur-
ation. Linear mPEG-NH, 5 kDa (18.0 min elution time), 10
kDa (17.2 min), 4Arm-PEG-NH, 20 kDa (16.5 min) were used
as standards (Supporting Information File 1, Figure S5). These
results demonstrated that the quinone tanning reaction involved
with amine and catechol simultaneously was more efficient than
the reaction engaged only with catechol (Figure 2e and 2f). This
result strongly suggests that one can control physicochemical
properties of a wide variety of PEG-containing biomaterials by
designing effective conjugation chemistry. We chose PEG
hydrogels as an example.

Effect of the amine group in PEG gelation I:

mechanical properties of hydrogels

To explore the effect of the amine group in PEG gelation, we
prepared 6Arm-PEG-NH-catechol and 6 Arm-PEG-catechol
(control). Both were dissolved in PBS pH 8.0 with a final
concentration of 3% (w/v). It is expected that the hydrogel
formed by amine-catechol involved tanning (6Arm-PEG-NH-
catechol) may exhibit faster gelation kinetics and stronger
mechanical properties than the one formed by a catechol—cate-
chol tanning (6Arm-PEG-catechol). We measured the mechan-
ical modulus of the hydrogels by a rheometer. Frequency (0.01
to 10 Hz, Figure 3a) and strain (1 to 90%, Figure 3b) sweeps

o

100
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0.1 1
Frequency (Hz)
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were performed for three times each on both 6 Arm-PEG-NH-
catechol and 6 Arm-PEG-catechol hydrogels, after allowing
time for complete gelation (10 min). The elastic modulus, G,
and loss modulus, G”, were found to be independent over a
wide range of frequencies and strains, demonstrating that the
gelation was successfully completed within 10 min. The elastic
modulus of the hydrogel made of 6Arm-PEG-NH-catechol was
about 1,000 Pa, but the G’ of the hydrogel prepared by 6Arm-
PEG-catechol was low, as expected (about 500 Pa). The two-
times increase in the elastic modulus indicates that amine-cate-
chol quinone tanning is more chemically efficient process
compared to catechol—catechol tanning. Therefore, we under-
stand that the amine—catechol tanning process has been chosen
in nature to produce stiff biomaterials for the various inverte-

brates shown in Figure 1.

Effect of the amine group in PEG gelation Il:

differences in gelation kinetics

In rheology, gelation point is defined by the intersection of the
elastic modulus (G’) and the loss modulus (G”). We tried to
measure the point by a rheometer, but it was found that gela-
tion occurred within a minute in both hydrogels (6 Arm-PEG-
NH-catechol and 6 Arm-PEG-catechol), preventing a direct
measurement of the gelation time in a rheometer. There was,
however, a difference in gelation kinetics: dropping the solu-

B6Arm PEG-
NH-catechol

6Arm PEG-
catechol

Figure 3: Rheological analysis data of quinone tanning inspired crosslinking hydrogels (a) frequency sweep and (b) strain sweep of 6Arm-PEG-NH-
catechol (square) and 6Arm-PEG-catechol (circle). (n = 3 each) (c) Rapid quinone tanning of 6Arm-PEG-NH-catechol (right) in NalO4 (100 mM in

DDW). A visible tanning reaction was not observed in 6Arm-PEG-catechol (left). (d) Measurement of gelation kinetics by dropping solutions of 6Arm-
PEG-NH-catechol (right) and 6Arm-PEG-catechol (left) on a PTFE surface (45 deg slope). (e and f) Schematic results showing nano-scale junctions

formed by (e) 6Arm-PEG-NH-catechol and (f) 6Arm-PEG-catechol.
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tion of 6Arm-PEG-NH-catechol (3%, w/v) into a NalO4 solu-
tion (100 mM in DDW) immediately formed dark brown gel-
like aggregates (Figure 3c, right bottle). In contrast, such rapid
aggregates were not detected when dropping the 6Arm-PEG-
catechol solution was dropped into the same solution
(Figure 3c, left bottle). The PEG solution was dispersed in the
NalOy4 solution. This clear indication of differences in the gela-
tion time led us to design a new, simple method for measuring
this parameter. A poly(tetrafluoroethylene) (PTFE) surface was
set up at a 45° slope angle, and drops of 6Arm-PEG-NH-cate-
chol (Figure 3d, right) and 6Arm-PEG-catechol (Figure 3d, left)
solutions were applied to observe the gelation time. The PEG
solution flowed in the liquid phase but stopped in the gel phase.
Immediate gelation of 6Arm-PEG-NH-catechol was observed
within 2 s, but it took about 12 s for the 6 Arm-PEG-catechol
solution to become a hydrogel. This result, combined with the
rheology data, indicates that amine—catechol tanning is an effi-
cient process that is suitable for controlling a large number of
chemical junctions in nanobiomaterials (Figure 3e and
Figure 3f). Because the reaction occurs in aqueous conditions,

many invertebrates utilize this process to produce a variety of
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OH
O
X OH
Hydroxylation
HO -~
o
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biomaterials for their use in nature. The effective tanning
process of catechol and amine demonstrated herein suggests a
general approach for creating novel catecholaminergic deriva-
tives of biopolymers such as alginate, hyaluronic acid, chitosan,
dextran, and other synthetic or proteineous materials for a
variety of applications.

Quinone, an oxidized form of catechol, is reactive to nucle-
ophiles such as hydroxyl, amine, and quinone, which typically
undergo the 1,4-Michael addition reactions [27]. Considering
the molecular structures of PEGs studied herein, three quinone
tanning reactions are possible: (i) catechol-catechol formation
through C—C coupling between phenyl rings [27,28], (ii)) C-O
coupling at a C-4 position by the reaction between deproto-
nated hydroxyl anion and quinone [27,29], and (iii) C-N
coupling at the same position by the secondary amine and
quinone [7-11,27]. For PEG-catechol, the C-C and C-O
couplings are the only possible quinone tanning mechanisms to
form hydrogels (Figure 4a). However, for PEG-NH-catechol,
another scenario of C—N coupling is added to the two previous

tanning reactions (catechol-catechol and C-O couplings of

OH

0
H

Trimer

Quinone tanning of catecholamine

OH - OH
OH - x-OH - xOH
OH - H |l - Ho
= - -N X - . Az
Bl . PEG N - PEG™ %
PEG” “N - PEG 7\ . HO PEG /N
PEG - - OH - PE ! OH
OH ; = - HO NS =
¢ HO PEG OH v Ho = PEG OH
OH ' OH OH

Figure 4: Proposed chemical structures of crosslinked products by quinone tanning reactions. (a) Catechol quinone tanning and (b) catecholamine

quinone tanning. In catecholamine tanning, amine-involved crosslinking shown in (b) is more favorable than catechol tanning pathway shown in (a).
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PEG-catechol) (Figure 4b). It is generally accepted that the
nucleophilicity of amines is higher than that of a hydroxyl
group. Thus, nature utilizes the amine-involved quinone tanning
reactions for the formation of stiff insect cuticles [7-11,27] by a
reaction between imidazole (side-chain of histidine) and cate-
chol. So far, the majority of research was focused on
catechol—catechol crosslinking [25,30,31], accidentally ignoring
the importance of catecholamine quinone tanning. Thus, the
results demonstrated herein can be a useful toolkit to further
control physicochemical properties of biomaterials.

Conclusion

In summary, we demonstrated that the particular quinone
tanning process simultaneously involved with catechol and
amine was effective in crosslinking. The linear type of polymer
mPEG-NH-catechol showed superior crosslinking result
compared to mPEG-catechol, the polymer crosslinked via cate-
chol-catechol tanning. Similar to the difference in crosslinking
efficiency in linear PEG experiments, hydrogels formed by
multi-armed PEGs showed that the hydrogel utilizing
catechol-amine tanning, 6Arm-PEG-NH-catechol, showed fast
in gelation kinetics (about 2 s) and strong in mechanical prop-
erties (G' > 1,000 Pa) compared to the hydrogel produced by
6Arm-PEG-catechol (about 12 s and about 500 Pa).

Experimental

Materials

6Arm-PEG-amine (PEG-(NHy)4, My, = 15,000 Da) and
methoxy-PEG-amine (mPEG-NH,, My, = 5,000 Da) were
purchased from SunBio, Inc. (Walnut Creek, CA). Sodium peri-
odate (NalOy), sodium cyanoborohydride (NaBH3CN), N,N-
diisopropylethylamine (DIPEA), 3,4-dihydroxyhydrocinnamic
acid (DHCA) and 3,4-dihydroxybenzaldehyde (DHBA) were
acquired from Sigma-Aldrich (St. Louis, MO). 1-Hydroxyben-
zotriazole (HOBt) hydrate was purchased from Peptides Inter-
national (Louisville, KY) and benzotriazole-1-yl-oxy-tris-(di-
methylamino)-phosphonium hexafluorophosphate (BOP) was

acquired from Novabiochem (Germany).

Synthesis of catechol-conjugated PEG (1)

Synthesis of 6Arm-PEG-catechol and mPEG-catechol: 6Arm-
PEG-amine (1 g, 0.067 mmol) was dissolved in 10 mL of NMP
at 60 °C for 10 min. DHCA (0.8 mmol), BOP (0.8 mmol),
HOBt (0.8 mmol) and DIPEA (0.8 mmol) were dissolved in
5 mL of NMP in a separate vial. The PEG and DHCA solutions
were mixed and reacted at room temperature for 3—6 h. The
reaction solution was purified by dialysis at acidic condition for
2 d and then lyophilized. (Dialysis conditions: 10 mL of
polymer solution was added to 3 L of DDW for 3 h and the
dialysate was exchanged for four times. MWCO = 5,000.) The
content of catechol was confirmed by UV-vis spectroscopy at
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280 nm. The UV—vis intensity of catechol modified polymer
was calculated to the contents of catechol by using the standard
curve made by the known concentration of dopamine solution
versus the UV-vis intensity, demonstrating that all terminal
amine groups were conjugated with DHCA. The catechol
contents of catechol-modified PEG were double checked by the
ninhydrin test. The ninhydrin test was performed by mixing
20 pL of catechol-modified PEG (1 mg mL™! in DDW) with
20 pL of 2% ninhydrin reagent solution, followed by heating at
100 °C for 3 min. The heated solution was diluted to 700 pL of
DDW and then the primary amine and secondary amine was
confirmed by UV-vis spectrometer at 470 nm and 440 nm.
'H NMR (300 MHz, CDCls, 8): 6.71-6.69 (m, 2H,
CgHH,(OH),-), 6.52-6.49 (dd, 1H, C¢H,H(OH);-), 3.79-3.33
(m, PEO), 2.81-2.76 (t, 2H, C¢H3(OH),-CH;-), 2.49-2.44 (t,
2H, CH,-C(O)NH-). mPEG-catechol was prepared by using the
same procedure described above with the amount of reagents
used are the followings: mPEG-amine (200 mg, 0.04 mmol),
DHCA (0.048 mmol), BOP (0.048 mmol), HOBt (0.048 mmol)
and DIPEA (0.048 mmol). The Purity of synthetic PEGs was
determined by 'H NMR and GPC (Supporting Information
File 1, Figure S2 and S4).

Synthesis of catechol-conjugated PEG (2)
6Arm-PEG-amine (200 mg, 0.013 mmol) was solved in 2 mL of
NMP at 60 °C for 10 min. DHBA (33 mg, 0.24 mmol) in 1 mL
of NMP was added to the PEG solution and stirred at room
temperature for 1 h. NaBH3CN (38 mg, 0.6 mmol) in 100 pL of
NMP was added to that solution and reacted at room tempera-
ture for overnight. The reaction solution was successively puri-
fied by dialysis at acidic condition for 2 d and then lyophilized.
The content of catechol was confirmed by ultraviolet—visible
spectroscopy at 280 nm, demonstrating that all terminal amine
groups were conjugated with DHBA. (The dialysis condition
and catechol content assay were the same as in the synthesis of
6Arm-PEG-catechol and mPEG-catechol.) 'H NMR (300 MHz,
CDCls, 8) 7.19 (s, 1H, C¢H,H(OH);-), 6.81-6.88 (m, 2H,
C¢HH;-(OH);-), 4.09-4.05 (m, 2H, -NH-CH,-CcH3(OH);-),
3.95-3.59 (m, PEO), 3.40-3.36 (t, 2H, PEO-CH,-NH-). mPEG-
NH-catechol was prepared by using the same procedure
described above with the amount of reagents used being as
follows: mPEG-amine (200 mg, 0.04 mmol), DHBA (17 mg,
0.12 mmol), NaBH3CN (38 mg, 0.6 mmol). The purity of syn-
thetic PEGs was determined by '"H NMR and GPC (Supporting
Information File 1, Figure S1 and S3).

Quinone tanning reactions of catecholamine
PEGs
Quinone tanning reactions of mPEG-NH-catechol and mPEG-

catechol were performed by the addition of sodium periodate
(NalOy) to PEG solutions (2 mg mL™! in 10 mM phosphate
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buffered saline, pH 8.5), and the resulting molecular weight of
the crosslinked PEGs was determined by gel permeation chro-
matography (GPC). Two GPC columns (OHpak SB-806M HQ
and SB-804 HQ, Shodex®, Munich, Germany) were connected
in series and equilibrated with phosphate buffered saline
(10 mM, pH 4.0). The detector for the PEG standard was a
reflective index detector (Shodex, RI-71), and a UV—vis spec-
trometer (Hewlett Packard HP 8453 spectrophotometer, 190 nm
to 1100 nm, integration time 0.5 sec, interval 1 nm, Deuterium
lamp for UV and tungsten lamp for vis) was used for detecting
the catechol modified polymers. The columns were character-
ized with various PEG standards: mPEG-amine (linear, 5 kDa),
mPEG-amine (linear, 10 kDa), 4Arm-PEG-amine (star shaped,
20 kDa). The elution time of the PEG standards were 18 min for
mPEG-NH, (linear, 5 kDa), 17.2 min for mPEG-amine (linear,
10 kDa), 16.5 min for 4Arm-PEG-NH; (star shaped, 20 kDa).
Our GPC column approximately separated the 100 Da molec-
ular weight after 30 min elution time, calculated by using a
standard curve of 130 kDa, 30 kDa, 20 kDa, and 5 kDa molec-
ular weight hyaluronic acid and PEGs. (Supporting Information
File 1, Figure S5) The quinone tanning reaction was optimized
by varying the amount of sodium periodate (0.1 to 2 equiv rela-
tive to mole of catechol). It was confirmed in our previous
report that the chemical pathway of catechol crosslinking is
exactly the same whether NalOy is used or not, and NalO4 can
effectively control the kinetics of catecholamine crosslinking
without any additional byproducts [32].

Formation of PEG hydrogels

To form PEG hydrogels, 1.5 equiv of NalO4 (moles of catechol
basis) was added to 3% PEG solution (30 mg mL™! in phos-
phate-buffered saline, pH 8.0), and the subsequently deter-
mined gelation time through vial inversion method was typi-
cally 10-20 s. For a naccurate determination of the gelation
time, we used PTFE plate setup with 45 degree slope and
droplets of PEG solutions (10 pL) allowed to flow until the
solutions stopped when became hydrogels.

Oscillatory rheometry

Oscillatory rheometry by using a rotating rheometer (Bohlin
Advanced Rheometer with a parallel 20 mm plate, Malvern
Instruments, UK) was used to determine the mechanical prop-
erties of the PEG hydrogels. Strain sweep was performed at
1 Hz and frequency sweep was carried out at a strain of 10%
after 10 min from the gel formed. To perform rheology studies
of the modified-PEG hydrogels, 1.5 equiv of NalO4 (moles of
catechol basis) was added to 3% PEG solution (30 mg mL™! in
phosphate-buffered saline, pH 8.0) in 24 well-plate as a mold
for rheology sample. The formed hydrogel was a cylinder shape
with diameter of 16 mm and height of 1 mm. The time depen-

dent rheology test showed that the sol—gel transition was
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finished within 1 min (data not shown). In order to test the
mechanical properties of the hydrogels in a stable condition, we
carried out the frequency and strain sweep test 10 min after the
gel formed.

Supporting Information

Supporting Information File 1

Further experimental data.

The further experimental data describes "H NMR and GPC
data for the purity of synthetic products, mPEG-catechol,
mPEG-NH-catechol, 6 Arm-PEG-catechol, and
6Arm-PEG-NH-catechol.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-5-101-S1.pdf]
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Abstract

In this work we report on experiments aimed at testing the cavitation hypothesis [Varenberg, M.; Gorb, S. J. R. Soc., Interface
2008, 5, 383-385] proposed to explain the strong underwater adhesion of mushroom-shaped adhesive microstructures (MSAMSs).
For this purpose, we measured the pull-off forces of individual MSAMSs by detaching them from a glass substrate under
different wetting conditions and simultaneously video recording the detachment behavior at very high temporal resolution
(54,000-100,000 fps). Although microcavitation was observed during the detachment of individual MSAMSs, which was a conse-
quence of water inclusions present at the glass—-MSAMS contact interface subjected to negative pressure (tension), the pull-off
forces were consistently lower, around 50%, of those measured under ambient conditions. This result supports the assumption that
the recently observed strong underwater adhesion of MSAMS is due to an air layer between individual MSAMSs [Kizilkan, E.;
Heepe, L.; Gorb, S. N. Underwater adhesion of mushroom-shaped adhesive microstructure: An air-entrapment effect. In Biological
and biomimetic adhesives: Challenges and opportunities; Santos, R.; Aldred, N.; Gorb, S. N.; Flammang, P., Eds.; The Royal
Society of Chemistry: Cambridge, U.K., 2013; pp 65-71] rather than by cavitation. These results obtained due to the high-speed
visualisation of the contact behavior at nanoscale-confined interfaces allow for a microscopic understanding of the underwater
adhesion of MSAMSs and may aid in further development of artificial adhesive microstructures for applications in predominantly

liquid environments.

Introduction
During the past two decades, bio-inspired microstructured adhe-  industrial pick-and-place processes), due to the reversible and
sives became a new class of adhesive materials with different residue-free character of the sticking mechanism [1-4]. So far,

potential applications (e.g., in robotic systems, medicine, and the most promising candidates for technical applications are
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surface microstructures with mushroom-shaped contact geom-
etry (see review [4]), which have been studied intensively under
various loads (e.g., preload [5,6], shear [7,8], overload [9], and
tilt [10,11]) and environmental conditions (e.g., dry in air
[5-12], oil lubricated [13], on rough substrates [13-15], in
vacuum [10,16-18], and underwater [19,20]). The origin of the
high adhesion capability of the mushroom-shaped adhesive
microstructures (MSAMSs) was attributed to the combination
of intermolecular van der Waals forces and a particular failure
mode at detachment, a consequence of an optimized homoge-
neous stress distribution in the contact interface during pull-off
[21,22]: During detachment of an individual MSAMS from a
substrate, a crack nucleates somewhere in the middle of the
contact area and further propagates towards the outer edge
while the perimeter remains still in contact until complete sep-
aration occurs. This type of failure mode, further called mode I1
[21], suggests the formation of a low-pressure zone in the
contact area giving rise to a suction effect [9]. However, such
effect at a dry interface was shown to contribute only margin-
ally (at most ~10%) to the overall measured pull-off forces
[10,16-18].

In their recent work Varenberg and Gorb [19] have observed
that the pull-off forces measured underwater were significantly
higher (about 25%) compared to those measured under ambient
conditions. This effect cannot be explained by intermolecular
van der Waals forces. The authors hypothesized that the
enhanced underwater adhesion may be a result of cavitation
under each individual MSAMS when entrapped water in the
contact area is subjected to a negative pressure (tension) during
pull-off and the liquid water turns into vapor at a certain cavita-
tion threshold [19]. This effect would make each individual
MSAMS to act as a passive suction device [19].

In the present study, we report on underwater adhesion experi-
ments with individual MSAMSs. The visualisation of the
MSAMS interface using the combination of high speed video
recording and reflection contrast microscopy under applied
pull-off force aimed at testing the cavitation hypothesis, an
effect that have never been experimentally observed in artificial
bio-inspired microstructured adhesives.

Experimental

Experimental setup

In the experiments, two individual MSAMSs, denoted by
sample 1 and sample 2, were detached from a smooth glass
slide under different wetting conditions with simultaneous
video recording of the failure dynamics with a setup similar to a
reflection interference contrast microscope (RICM) [23,24].
Individual MSAMSs were cut off from the microstructured tape
made from polyvinylsiloxane (PVS) with a thickness of the
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supporting polymer film of about 900 pm [5,11,22]. Pull-off
forces were measured using a force measuring system (FMS)
consisting of a tensometric force transducers FORT-10 (World
Precision Instruments, Inc., Sarasota, Florida) fixed on a three-
axis micromanipulator F-131.3SS (Physik Instrumente GmbH
& Co. KG, Karlsruhe, Germany) [11]. The FMS was installed
on an inverse light microscope Observer.Al (Carl Zeiss
Microlmaging GmbH, Géttingen, Germany) equipped with a
“Plan-Neofluar 63%/1.25 Antiflex” oil-immersion objective
(Carl Zeiss Microlmaging GmbH). The microscope was oper-
ated in the epi-illumination mode and the complete spectrum of
the light source HXP 120 (Carl Zeiss Microlmaging GmbH)
was used. Detachment behavior was recorded with an attached
high-speed camera Photron Fastcam SA1.1 (VKT Video
Kommunikation GmbH, Pfullingen, Germany) either with
54,000 frames/s or with 100,000 frames/s. Obtained high-speed
video sequences were background corrected by using the
average of at least 10 frames at the end of the sequences where
MSAMSs were already detached.

Figure 1A shows the schematic of the experimental setup. In
order to repeatedly attach and detach samples, individual
MSAMSs were glued to the force transducer. To ensure parallel
alignment between samples and the glass slide, first individual
MSAMSs were attached manually to the glass slide using
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Figure 1: Schematic of the experimental setup (A). FMS, force
measuring system; S, sample; GS, glass slide; Ol, oil immersion;

L, lens; LS, light source; BS, beam splitter; HC, high-speed camera.
Individual MSAMS in contact with a substrate under ambient condi-
tions (B) and submerged in water (C). P is the applied force.
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tweezers while observing the proper contact via the microscope.
Then, attached to the glass slide, samples were withdrawn at a
retraction velocity of 10 pm/s in the direction normal to the
surface of the glass slide. In order to test the cavitation hypoth-
esis, pull-off forces were measured at detachment on individual
MSAMS samples under different wetting conditions. For
sample 1, the following measurement sequence was performed:
1. Pull-off forces were measured at ambient conditions, further
called 'dry state' (Figure 1B). 2. After reattachment, i.e., contact
formation in dry state, pull-off force was measured with the
sample 1 submerged in water by applying a drop of deionized
water onto the individual MSAMS with a syringe (Figure 1C),
further called 'dry—wet' state. 3. Then, pull-off forces were
measured after reattachment of the individual MSAMS under
submerged conditions, further called 'wet' state (Figure 1C). For
sample 2, only the dry state and the wet state could be
compared.

Image formation and simulation

In order to reliably interpret the high-speed video sequences of
the underwater detachment behavior of individual MSAMSs,
we simulated the image formation obtained in the RICM experi-
ments according to the theory described in [25]. Consider the
case, when an individual MSAMS, submerged in water and
partially detached from the glass substrate, where the detached
regions are filled with water (Figure 2), is observed in epi-illu-
mination as depicted in Figure 1A. Then, the incoming light
with intensity / is partially reflected at the glass—water inter-
face (/1) and superimposes with the reflected light 7, from the
water—PVS interface (Figure 2). Depending on the degree of
coherence, roughly a measure of the ability to interfere, which
is defined by the mutual coherence function I'y,, the total

reflected intensity / can be written in its general form

[ =1 +1, +2\{[[,T, cos(2kh + ) (1)

PVS

Figure 2: Schematic of the optical path in the RICM at the
glass—water—PVS layers. The incoming beam with intensity Iy is
partially reflected at the glass-water interface (/1) and at the
water—PVS interface (/2). The optical path difference between /1 and I,
depends on the distance h between glass and PVS, the angle of inci-
dence, and on the refractive index of water.
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where k = 2ntn,¢e,/A 1s the wave vector with # being the refrac-
tive index of the medium (here water) and A the wavelength.
The constant phase ¢ accounts for potential phase shifts of © at
reflectance at an optical denser medium. For I'j; = 0 (inco-
herent case), beam 1 and beam 2 cannot interfere and
Equation 1 is reduced to / = I} + I,. I'1» > 0 corresponds to a
partial coherence and I'j; = 1 describes the fully coherent case.
According to the van Cittert—Zernike theorem I'j; is [25]

sin y

I, = ¢, y=2khsin® 0/2 )

where o is the maximum illumination angle. Substituting
Equation 2 in Equation 1 yields, according to Rédler and
Sackmann [25]

I(x,y)= 47sin’ of2[ I} + 1, +1p |

. 3
I, =21, sm(y) cos[Zk (l—sin2 a/Z)h(x,y)HP} ©
Yy

here A(x,y) denotes the distance between glass and PVS surface
along the x and y direction. Since npyg > nyater (see below) with
npys and ny,er being the refractive index of PVS and water,
respectively, beam /, undergoes a phase shift of m at the
water—PVS interface (Figure 2). The intensities /; and /, can be
calculated by

2
I =Rgwlo. I =(1-Rgw) Rwp @

where Rgw and Rwp denote the reflectance at the glass—water
and water—PVS interface, respectively. In general, the reflec-
tance at an interface of medium 1 to medium 2 can be calcu-
lated from Fresnel's equations and takes, in the simplest case of
normal incidence, the form [25]

2
n —n
Rn:( 1 2} )
l’l1+7’l2

with nj 5 being the refractive indices of medium 1 and 2. Since

npys is unknown we first determined the refractive index using
the image A of Figure 3 where sample 1 was in dry contact with
the glass. Incoming intensity /) was determined from the back-
ground using Equation 2 and Equation 3 at the glass-air inter-
face. For numerical values of the refractive indices of glass and
air see Table 1. Since no interference pattern is visible in the
region under the thin contact plate (i.e., I'j» = 0) and assuming
intimate contact (i.e. glass-PVS interface) the total reflected

intensity in that region is simply the sum / = I} + I;, whereas I,
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is the second reflection at the PV S-air interface. The refractive
index npyg was adjusted to match the measured intensity in that
region. We found npyg = 1.468 to be a good estimate which is
well in the range of refractive indices of silicon rubber [26].
Next we used the image B of Figure 3 to determine again /o,
but now for the underwater case. For simplicity, the distance
h(x,y) between the glass and PVS surface was modelled
Gaussian-like by

2 2
x=xy) +Hy—x
k) = x| - ) 2( o)
w Q)

for \/(x—xo)z +(y—y0)2 <R,

where R is the radius of an individual MSAMS, (x¢, yo) the
origin of the circular contact of an individual MSAMS, w the
width of the distribution, and /¢ the maximum height. Using
Equation 3 and a reasonable set of parameter (see Table 1) a
still image of the detachment of an individual MSAMS was
simulated in order to interpret the experimentally obtained
detachment sequences. Results were rounded to greyscale
values between 0 (black) and 255 (white) in accordance to the
8-bit output of the high-speed camera. Finally, shot noise was
added to the simulated image so that the standard deviation of

Figure 3: Sample 1 in dry contact with glass (A) and in contact with
glass underwater (B). Scale bar, 10 pm.

Table 1: Parameter and its values used in the simulation.

parameter value

grid size, N x N 150 x 150
refractive index of air, nyj 1.000
refractive index of water, nyater 1.335
refractive index of glass, Ngjass 1.526
refractive index of PVS, npys 1.468
incoming light intensity, /g 10462
light wavelength, A 550 nm
radius of MSAMS, R (N-10)/2
width of distribution, w 0.375R
maximum height, hg 150 nm

constant phase, @ m
maximum illumination angle, a 25°

Beilstein J. Nanotechnol. 2014, 5, 903-909.

the background is comparable to the noise obtained from
Figure 3B.

Results and Discussion

We measured pull-off forces of individual MSAMSs on glass
substrates under different wetting conditions (Figure 4). Pull-off
forces were normalized with respect to those obtained in the dry
state. Dry state pull-off forces were averaged over five indi-
vidual measurements for both samples. For the sample 1, the
median dry state pull-off force was ca. 570 uN (N = 5, min.
value ca. 540 uN, and max. value ca. 590 uN). For the sample
2, the median dry state pull-off force was ca. 490 uN (N =5,
min. value ca. 440 uN, and max. value ca. 570 uN). In the
dry—wet state, the pull-off force of sample 1 was about 55% of
the dry state. In the wet state, the pull-off forces for both
samples were both about 50% of the dry state, except for the
second measurement of sample 1 in the wet state, which was
about 25%. These values are in agreement with recent macro-
scopic adhesion measurements on arrays of MSAMSs
completely wetted by water and submerged underwater [20].
For the first classification of these results we may consider the
following two limiting cases in the underwater adhesion of
MSAMS. In the first case, a thin water layer separates the
glass—-MSAMS contact. Then the van der Waals interaction
strength, described by the Hamaker constant between glass and

1t sample 1
(0]
o
[e]
= 087
Q
S 06
o
= D © @)
N 04}
: e
© 02¢
sample 2
dry dry-wet wet wet dry wet

Figure 4: Pull-off forces, normalized by the average value of the dry
state. Two individual MSAMS samples were measured on glass
substrates for different wetting conditions: dry state (yellow circle),
dry—wet state (yellow/blue circle), and wet state (blue circles). Dry
state corresponds to measurements under ambient conditions.
Dry—wet state corresponds to measurements where the sample has
been brought into contact under dry conditions, but subsequently
submerged in water. Wet state corresponds to measurements where
the sample has been brought into contact when already submerged.
For sample 1 the median dry state pull-off force was ca. 570 uN

(N =5, min. value ca. 540 pN, and max. value ca. 590 pN). For sample
2 the median dry state pull-off force was ca. 490 uN (N = 5, min. value
ca. 440 pN, and max. value ca. 570 uN).
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MSAMS, is expected to be reduced by about 86% [19]. In the
second case, MSAMS and glass form a dry contact underwater.
In this case, one would expect similar pull-off forces as
observed in the dry state. However, the experimentally obtained
results lie somewhere in between these two cases.

For each measurement also the detachment behavior was video
recorded, in order to observe the actual failure process of the
MSAMS detachment from the glass substrate. Figure 5 shows
detachment sequences in the dry—wet state (A, sample 1) and in
the wet states (B, sample 1 second measurement; C, sample 2).
Images labelled with '0' correspond to equilibrium conditions
right after the contact formation. Images with index '1' to '5' are
still images of the actual detachment sequence. Frames set to
t = 0 ms (images with index 'l") were arbitrarily chosen as a
reference. For better comparability all images have the same
scale. For comparison, detachment sequences in the dry state
are shown in [4,9,11,17].

Let us first observe that during detachment, also in the dry—wet
state (Figure 5SA), water inclusions were present within the
contact interface of MSAMS and glass (see white arrow heads
in Figure 5). In order to confirm this observation we simulated
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an individual MSAMS partially detached from a glass substrate
with the gap between the MSAMS and glass being filled with
liquid water, not with air (for details see Experimental section:
Image formation and simulation). The gap was, for simplicity,
simulated as a Gaussian-like shape with its maximum sep-
aration of 150 nm in the middle of the contact. The result is
shown in Figure 6. The light grey central region, which indi-
cates the non-contact state, is clearly visible. Around the
maximum separation in the middle of the contact the lower
greyscale values (darker region) indicate a first-order interfer-
ence minimum (zero order minimum corresponds to intimate
contact) similar to what is observed in Figure SA1. The red line
in Figure 6 indicates the position with a separation between
glass and MSAMS of about 25 nm. Note that with the particu-
lar noise level, heights below 25 nm cannot be clearly resolved
even in the simulation. Thus, in that range, a contact region
cannot be reliably distinguished from a non-contact region. The
white square in Figure 6 was calculated assuming the gap being
filled with air instead of water. We are thus very confident that
we indeed observed water inclusions within the contact inter-
face of MSAMSs and glass. This is particular interesting, espe-
cially in the case of dry contact formation (dry—wet state), since
MSAMSs (hydrophobic) and glass (hydrophilic) form a Janus

t=125.90 t=125.91

t=0ms t=2816.67

t=162.59

t=2840.07

t=2844.61

t=2844.63

Figure 5: Detachment sequences of individual MSAMSs separating from a glass substrate for the sample 1 in the dry—wet state (A), second
measurement of the sample 1 in the wet state (B), and the sample 2 in the wet state (C). Images labelled with '0' correspond to equilibrium conditions
right after contact formation. Note, in (A) contact formation was under ambient conditions. Images with index '1' to '5' are still images of the actual
detachment sequence. Frames set to t = 0 ms (images with index '1") were arbitrarily chosen as a reference. All times are given in milliseconds (ms).
During detachment water inclusions were present within the contact interface of MSAMS and glass (white arrowheads). In sequences (A) and (B)
microcavitation was observed indicated by the white region in images A4-5 and B5. The white arrow (C2) indicates channel formation by interfacial
crack propagation between the confined water within the contact interface and the surrounding water. The white traces in A3, B4, and C4 outline the
contact area prior to detachment. For comparison, detachment sequences in the dry state are shown [4,9,11,17]. Scale bar, 10 um.
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interface in which confined water may exhibit non-trivial
behavior [27]. However, in a recent experiment it has been
confirmed that water can "leak" into a (dry) Janus interface
formed by glass and MSAMSs [28]. During the further detach-
ment process the contact area shrank to about 60% (Figure SA)
of the initial contact area (images labelled with '0") without
losing contact. Then, at the very moment of detachment a
sudden (within less than 20 ps) and significant change in
contrast is observed (see white areas especially in Figure 5
A4-5 and BS5). This dramatic change in contrast clearly indi-
cates cavitation.

Figure 6: Simulated image of an individual MSAMS partially detached
from a glass substrate submerged in water, for which the gap filled
with liquid water was, for simplicity, chosen Gaussian-like with a
maximum separation of 150 nm in the middle of the contact (see graph
at top of the simulated image). The simulation parameters are given in
Table 1. Note that around the maximum separation in the middle of the
contact the lower greyscale values (darker region) indicate a first order
interference minimum (zero order minimum corresponds to intimate
contact) similar to what is observed in Figure 5A1. The red dashed line
indicates separation of about 25 nm. Due to the noise level even in the
simulation it is not possible to reliably distinguish between contact and
non-contact region for a separation below 25 nm. The white square
has been calculated assuming the gap being filled with air instead of
water.

We can calculate the pull-off strength ¢ for all sequences
dividing the obtained pull-off forces P by the contact area A 4ot
right before complete separation and cavitation (area within
white counters in Figure 5 A3, B4, C4). We obtain
oa =~ 430 kPa, og = 180 kPa, and o¢ =~ 260 kPa for sequences
A-C, respectively. By using P = ApAget = (Patm — P1)Adet With
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Patm the atmospheric pressure and p; the pressure in the liquid,
we estimate negative pressures subjected to the confined water
of about —0.33 MPa, —0.08 MPa, and —0.16 MPa, for sequences
A-C, respectively. These values are well in the range observed
for mechanically stretched water and may indicate heteroge-
neous nucleation at gas residues (see [29,30]). One may also
consider the role of the fluid viscosity, which may strongly
affect the fluid motion [31] during contact formation and
breakage between MSAMS and substrate. This may result in a
viscous contribution to the observed pull-off stress. However, in
a recent publication [17] the effect of a suction contribution to
the adhesion of MSAMS was tested by comparing pull-off
forces obtained at atmospheric and reduced pressure at different
retraction velocities. It was shown that at a sufficiently low
retraction velocity (100 pm/s) no suction contribution was
observed [17]. At higher velocities (400 pm/s and 800 um/s) a
suction effect of about 10% contributed to the overall pull-off
force [17]. This was explained by air being able to percolate
through the contact interface (due to, e.g., surface roughness
resulting in partial contact) and instantaneously balancing the
pressure in the forming low pressure zone in the center of the
contact area [17]. For water, the viscosity of which is much
larger than the viscosity of air, such a 'critical' retraction
velocity will be shifted towards lower values. We thus assume
that the fluid volume which enters the contact interface
during detachment from outside is very small and trapped
water in the contact interface is effectively sealed from the outer

environment.

Finally, it is important to mention a particularly interesting
observation in sequence C (Figure 5C). During detachment the
large amount of small water inclusions (Figure 5C0) accumu-
lated to a large non-contact region in the middle of the contact
area (Figure 5C1). At a certain load a channel formed (white
arrow in Figure 5C2) by interfacial crack propagation balancing
(at least partially) the pressure between the confined water
within the contact interface and the surrounding water. Interest-
ingly, the channel closed again before a complete separation
occurred (Figure 5C3). Although not observed under dry condi-
tions such channel formation may also be an additional explan-
ation why at low retraction velocities no suction effect was
found in the dry adhesion of MSAMS arrays [17].

Conclusion

We confirmed the cavitation hypothesis proposed in [19] in the
underwater adhesion of individual MSAMSs. We found under-
water pull-off forces consistently lower, approximately 50%, of
those under ambient conditions which cannot be explained by
one of the two limiting cases: (1) MSAMS and glass form a dry
contact underwater, (2) MSAMS and glass are separated by
(thin) water layer. Instead we observed that water inclusions
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present at the interface are subjected to negative pressure

(tension) during applied pull-off. However, for individual

MSAMS:s used in this work, we did not observe higher under-

water adhesion, when compared to the dry state as reported in

[19]. This supports the assumption that the observed enhanced

underwater adhesion reported in [19] is probably an effect of

the air retaining properties of MSAMS arrays, when submerged

underwater [20]. Our results allow a microscopic under-
standing of the underwater adhesion of MSAMSs
and may aid in further development of artificial adhesive

microstructures for applications especially in liquid dominated

environments.
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The use of molecular biology tools in the field of bioadhesion is still in its infancy. For new research groups who are considering
taking a molecular approach, the techniques presented here are essential to unravelling the sequence of a gene, its expression and its
biological function. Here we provide an outline for addressing adhesion-related genes in diverse organisms. We show how to grad-
ually narrow down the number of candidate transcripts that are involved in adhesion by (1) generating a transcriptome and a differ-
entially expressed cDNA list enriched for adhesion-related transcripts, (2) setting up a BLAST search facility, (3) perform an in situ
hybridization screen, and (4) functional analyses of selected genes by using RNA interference knock-down. Furthermore, latest
developments in genome-editing are presented as new tools to study gene function. By using this iterative multi-technologies ap-
proach, the identification, isolation, expression and function of adhesion-related genes can be studied in most organisms. These
tools will improve our understanding of the diversity of molecules used for adhesion in different organisms and these findings will
help to develop innovative bio-inspired adhesives.

Introduction

The capability of an organism to attach to a surface, either
temporarily or permanently, is referred to as “bioadhesion”.
Bioadhesion occurs in many living organisms that have
designed ways to adhere to a range of surfaces [1-3]. Informa-
tion on how animals solve problems of adhesion in diverse

environments can lead to the development of novel bio-inspired

adhesives [4] with major applicability in the fields of surface
engineering and biomedicine. Molecular biology is helpful in
bioadhesion research with respect to the isolation of genes, and
the study of their expression and function (Figure 1). Methods
in the field have advanced tremendously in recent years, largely

due to the recent advances in DNA and RNA sequencing, and
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protein analysis. These technologies allow research objectives
to move from the analyses of single genes to the study of more
complete sets of genes, or to examine all genes that are
expressed at once. Now, functional genomics may reveal the
transcriptional program of entire genomes by RNA sequencing.

Mass Differential Individual
spectrometry RNA-seq homologue
genes
Transcriptome

gene identification
gene isolation

!

Gene expression

in situ hybridization
screening

|

Gene function

RNA interference
TALENs/CRISPR

Figure 1: Flowchart showing the transcriptome as a central element to
be searched by data generated from various sources, while down-
stream analyses also rely on the transcriptome.

The recent advances in molecular biology have made available
a wide range of research tools and techniques that are of par-
ticular interest to researchers working on bioadhesion of organ-
isms where no reference genome exists. Important prerequisites
of bioadhesion research are based on techniques such as

histology, biochemistry and mechanics [1,3] but gradually

Beilstein J. Nanotechnol. 2014, 5, 983-993.

certain model systems are entering molecular biology such as
mussels [5], barnacles [6,7], sandcastle worms [8], starfishes
[9], and flatworms [10]. Efforts to develop bio-inspired adhe-
sives are most effective when guided by a detailed under-
standing of the key features and mechanisms of natural adhe-
sives [11]. Here, we intend to provide a general outline of
cutting-edge methods in molecular biology from which
researchers can explore the mechanism of biological adhesion.
We know that no single protocol can be applied for every
organism. Our goal is to offer a conceptual design of molecular
biology tools for experimental analysis ranging from gene iden-
tification to gene function in bioadhesion.

The article is divided into three main sections: firstly, we
describe the generation of a transcriptome and the use of the
differential transcriptome in order to attain the full complement
of transcripts (we refer to as bioinformatically assembled hypo-
thetical complementary DNA originating from isolated
messenger RNA) expressed in the region of the animal
containing adhesive-producing cells; secondly, in situ
hybridization (ISH) screening provides the (temporal and)
spatial expression of target transcripts; thirdly, RNA interfer-
ence (RNAI) allows for the elucidation of selected genes by
their manipulation in vivo. These tools provide highly detailed
molecular information about the adhesive-related proteins. This
would impact mainly research on permanent adhesives made up
of a combination of carbohydrates and proteins. Indeed, even
temporary adhesives that contain a significant carbohydrate
fraction usually also rely on proteins for adhesion.

Review
1. Transcriptome sequencing and differential

gene expression

1.1 What is a transcriptome?

A transcriptome represents the entirety of RNA molecules
expressed in an organism, a tissue or a certain cell type [12-15]
(Figure 2). One has to be aware that this collection includes
messenger RNA (mRNA), ribosomal RNA (rRNA), transfer
RNA (tRNA), and non-coding RNAs [16,17]. For the identifi-
cation of adhesion-related genes we are mostly interested in
mRNA which comprises only 1-5% of all RNAs produced [18].

For simplicity, in the following sections, we refer to "transcrip-
tome" as the full complement of mRNAs of our target
organism, tissue or cell type of interest. We have to keep in
mind that the representation of mRNAs in the transcriptome
experiment depends on the developmental stage of the
organism, its environmental condition, and the selected tissue or
body region. Finally, after transcriptome sequencing is
completed the researcher usually receives a FASTA file

containing the cDNA sequences. A BLAST search facility can
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Figure 2: Next generation sequencing (NGS) is a massive sequencing
technology, which enables hundreds of gigabases of data to be
produced in a single sequencing run. Here, the consecutive steps for
the generation of a transcriptome by NGS are illustrated. Depending
on the input tissue from which RNA is isolated, a transcriptome of the
whole organism or adhesion-related tissue can be generated. See text
for details.

be set up (section 2) to search for homologue sequences. The
significance of an available transcriptome cannot be overesti-

mated. It can be seen as the cornerstone of downstream applica-

Beilstein J. Nanotechnol. 2014, 5, 983-993.

tions such as gene isolation, expression studies by ISH (section
3), and functional studies by RNAI (section 4).

1.2 Why transcriptome sequencing?

The identification of proteins involved in the adhesion of an
organism will eventually require the isolation of the respective
gene. Before next generation sequencing was available, gene
isolation proved to be a laborious endeavor. The advent of
modern sequencing technologies has changed gene isolation
strategies away from approaches, which investigated a single
gene at a time, towards an encompassing all-genes-at-once
strategy. Therefore, the rationale for performing transcriptome
sequencing — commonly referred to as RNA-seq — is based on
the relative simplicity, nowadays, of obtaining a substantial
collection of transcripts expressed in a specific tissue or an
organism [19-23]. Current and future sequencing technologies
allow for the generation of the transcriptome of a tissue or an
organism of interest with a comparatively low burden on the
research budget, and without in-depth bioinformatic expertise
on the part of the commissioning researcher. In-house
sequencing facilities of universities and institutes as well as
commercial service providers will advise on the sequencing
strategy. When using current technologies such as Illumina
paired-end sequencing, an initial transcriptome will cost no
more than a few thousand euros. Such a dataset will provide a
reasonable coverage of the transcriptome in question.
Depending on the requirement and the research goals, addition-
al data can be produced and added later, e.g., by applying
longer-reads strategies, stranded and/or rRNA removed
libraries, and libraries of specific tissues.

1.3 Sequencing a transcriptome

With respect to the generation of a transcriptome that contains
adhesion related genes of an organism, it can be favorable to
only select the tissue that contains the adhesive organs. This can
have several advantages: First, it will drastically reduce the
complexity of the transcriptome when expressed genes of, e.g.,
the reproductive organs or the brain are not included. Second,
the bioinformatic assembly of such a transcriptome will be
facilitated. Third, the costs can be reduced since a higher
coverage of bases, i.e., the frequency of how often a base of the
transcriptome is sequenced, can more easily be achieved.

For the generation of a transcriptome, the following sequence of
steps will usually be necessary (Figure 2): First, total RNA
isolation. Sequencing facilities usually prefer to be provided
with total RNA of good quality. Current technologies require
only small amounts of total RNA (1 pg). Alternatively, tissue
flash-frozen in liquid nitrogen and stored at —80 °C could be
provided for RNA isolation to be performed at the sequencing

facility or the commercial provider. RNA isolation can be
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straightforward by using, e.g., Trizol or Tri Reagent procedures
according to the manufacturers instructions. However, RNA
isolation often requires the mechanical disruption and homoge-
nization of the tissue. Total RNA can be stored at —80 °C and
shipped on dry ice to the sequencing facility. The following
steps are recommended to be performed at the sequencing
facility or the commercial provider (see steps 2—8 of Figure 2):
After poly (A) selection, RNA is fragmented into pieces of
200-300 bp and reverse transcribed into complementary DNA
(cDNA). Next, sequencing adaptors are ligated by using a stan-
dard protocol. Alternatively, strand-specific sequencing can be
performed [24,25]. Size range selection is performed (about
200 bp) followed by a PCR based amplification step before the
library is subjected to next generation (NGS) sequencing. After
the raw reads are obtained, bioinformatic data analysis
including de-multiplexing, artefact removal and error correc-
tion is carried out [12,14]. Finally, the reads are assembled to
hypothetical transcripts, which results in the transcriptome of
the selected organism, tissue or cell type. This transcriptome
consists of the reconstructed transcripts as simple text (FASTA)

file format.

1.4 Differential RNA-seq

RNA-seq is transcriptome sequencing that reveals a quantitat-
ive portrait of mRNAs present within a certain tissue and/or at a
certain time point. The basic idea behind differential RNA-seq
is the comparison of two conditions to identify the differen-
tially expressed genes [19,23,26-30]. For example, in adhesion
research we are interested in the identification of transcripts
specifically expressed in the adhesive cells or tissue. Therefore,
the experiment needs to be designed in a way that allows the
tissue to be obtained, both with and without the cells that
produce the adhesive proteins. This can be achieved by amputa-
tion, regeneration, collection of different developmental stages,
or manipulation of the cellular (for instance by RNAI, see
section 4) or physiological conditions. Successful collection of
the starting material completely relies on an in-depth knowl-
edge of the morphology of the adhesive organ and the respec-
tive organism. A recommended starting point would be RNA
isolation of biological triplicates (see ENCODE suggestions for
RNA-seq: "Standards, Guidelines and Best Practices for RNA-
Seq, The ENCODE Consortium") followed by standard
sequencing library generation. In contrast to full transcriptome
sequencing where we would aim for long paired-end reads to
optimize transcriptome assembly, we would choose cheaper
short (50 bp) single reads that would then be mapped to the
existing transcriptome (Figure 3). The advantage of this strategy
is that one does not need to generate an assembled transcrip-
tome for each replicate of each condition, which would require
massive paired-end sequencing and bioinformatic effort. Rather,

we generate about 10 million 50 bp single reads of each repli-
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cate. Several consecutive steps allow for the identification of
differentially expressed transcripts (numbering according to
Figure 3): (1) sample preparation, (2) isolation of total RNA, (3)
preparation of the NGS library, (4) sequencing of each library,
(5) bioinformatic mapping of the reads to the corresponding
gene of the transcriptome, (6) bioinformatic subtraction of tran-
script lists, and (7) generation of the candidate transcript list.
Commonly we are faced with the following situation (Figure 3):
(A) From the control samples containing all cells of the
organism, including the adhesive cells, all reads will be mapped
to the transcript present in the transcriptome in a quantitative
manner, i.e., transcripts that are highly expressed will be
sequenced more often and, therefore, a higher number of
mapped reads will be obtained. (B) In samples that lack the
adhesive cells the mRNAs of the adhesive proteins will not be
represented in the library while all other mRNAs of the
machinery of a cell will be present. Therefore, in the sample B,
no mapped reads will be obtained for the adhesion-related tran-
scripts whereas all other transcripts are covered with the respec-
tive short reads. Finally, the collection of transcripts without
mapped reads constitutes the adhesive-transcript candidate list —
a highly valuable collection of transcripts for downstream appli-
cations. Alternatively, (C) samples containing adhesive cells
could be extracted. This sample will generate a library that
contains all the mRNAs of the adhesive proteins, boosting the

comparisons between samples (Figure 3).

2. Creating a local BLAST search facility

2.1 BLAST - basic local alignment search tool

Basic local alignment search tool (BLAST) is a software
package to query sequence databases for homologues [31].
Statistical information helps to determine the significance of
every alignment. BLAST is widely used to analyze sequencing
data and to find candidate genes for further analysis using mole-
cular approaches.

2.2 Establishment of a local BLAST search system
We recommend the software "SequenceServer" (http://
www.sequenceserver.com/) to deploy a web-based system to

share and query sequence data for similarities [32]. It uses all
advantages of recent developments on the NCBI-BLAST+
package [33], is free of charge for academics and has an easy to
use web interface.

The setup can be achieved by following the detailed documen-
tation available at the SequenceServer homepage. Briefly, to
comply with the requirements a computer or server running a
Linux operating system (e.g., Debian GNU Linux; http://
www.debian.org/) or MacOS is needed. Besides the NCBI-
BLAST+ package, the Ruby scripting language (http://
www.ruby-lang.org/) has to be installed. Most Linux distribu-
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Figure 3: Generation of a differential transcriptome for obtaining a collection of candidate transcript enriched for adhesion-related transcripts. Note
that "Sample A" (containing all cells including adhesives cells) minus "Sample B" as well as "Sample C" minus "Sample B" results in an adhesion-
enriched candidate transcript list. For small organisms "Sample C" can be difficult to obtain. Therefore, the in silico subtraction of "Sample A" minus
"Sample B" is a good option since tissue lacking adhesive organs might be easier to collect. Red rectangles in sample A and C illustrate the adhesive

organs in a hypothetical organism. See text for details.

tions perform installation tasks by using a package-manage-
ment system, e.g., aptitude). SequenceServer setup is performed
by the Ruby package management framework rubygems.
Further it is needed to define directory-paths to the NCBI-
BLAST+ executables and the transcriptome-FASTA-file at the

SequenceServer configuration file. SequenceServer is acces-
sible using a web browser immediately after program start,
because it uses Ruby’s built in webserver Webrick (http://
www.ruby-doc.org/stdlib-2.0/libdoc/webrick/rdoc/
WEBrick.html).
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Finally, any query sequence such as known adhesion-related
transcripts of other organisms, mass spectrometry peptide
sequences or candidate transcripts originated from a differential
RNA-seq experiment can be compared to the established tran-
scriptome database.

3. Spatial gene expression

3.1 Aim of in situ hybridization

For detecting the spatial (and temporal) expression of genes
within a tissue, ISH is a widespread and straightforward
method. The principle of ISH can be used to detect various
types of nucleic acids [34-37]. In this review we will focus on
the visualization of specific transcript expression in the form of
mRNA in whole mount specimen and tissue sections. ISH
provides a powerful tool to map candidate transcripts from a
transcriptome dataset to a distinct tissue or cell type. In bioad-
hesion research, it can be used to identify and validate gene
exclusively expressed in adhesion-related cells, like supportive
cells [10] or secretory glands [6,38]. The method described
below is based on the complementary binding of digoxigenin
labelled nucleotide probes to endogenous mRNA [39]
(Figure 4).

3.2 In situ hybridization set-up

Several ways to visualize the probes can be utilized — with fluo-
rescent dyes, with alkaline phosphatase, or horseradish peroxi-
dase reactions. We will present a widely used chromogenic
visualization method, based on an alkaline phosphate reaction.
The first step is the production of single-stranded RNA probes
labelled with digoxigenin (DIG) (Figure 4). Gene specific
primer pairs are designed and extended at their 5° end with a
RNA polymerase T7, T3 or SP6 promoter sequence [40].
Regions for ISH probes must be selected carefully and should
not have significant similarities to other endogenous transcripts
(BLAST search). The size of the probes should range between
500 and 1000 nucleotides. Shorter probes can lead to weak
staining results and/or less specificity. cDNA is used as a
template for a standard PCR reaction with the gene-specific
primers. The purified PCR product serves as a template for in
vitro RNA probe synthesis. Depending on which primer
(forward or reverse) the polymerase promoter sequence is
located, sense or antisense RNA probes are produced. Anti-
sense probes bind to the target mRNA and should lead to a
specific ISH pattern, whereas sense probes are often used as a
negative control. Purified RNA probes are stable for months at
—80 °C.

For most model organisms standardized protocols for ISH are
available [41-47]. To successfully stain other organisms,
species-specific adaptations may be required. Critical steps are

the fixation and the achievement of permeability of the tissue
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[1] organism with
adhesive organs

[2] DIG-labeled 71;11-,-,#,.

antisense probe

[3] alkaline phosphatase
anti-DIG antibody

[4] BCIP/NBT color l P e

development substrate

[5] organism with
labeled
adhesive organs

Figure 4: Principle of in situ hybridization. (1) Schematic organism with
unstained adhesive organs. (2) The DIG-labelled RNA probe binds to
the target mRNA and (3) is detected by an antibody conjugated with a
phosphatase. (4) The former colorless substrate becomes dephospho-
rylated and turns blue. (5) The staining reveals the cells with target
gene expression, in this case the adhesive organs.
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without losing endogenous mRNA or structural tissue integrity.
Usually, good results are achieved with a fixation using 4%
paraformaldehyde and proteinase K treatment. Treatment times
and concentrations vary depending on tissue hardness and size
and must be empirically tested for every tissue. If permeability
and transparency cannot be achieved in a whole mount spec-
imen, it may be necessary to perform the ISH on tissue sections
[48]. After pre-treatments of the tissue, the DIG-labelled RNA
probe is added and hybridized to the complementary mRNA
(Figure 4). The hybridization products are then detected with an
anti-digoxigenin antibody conjugated to alkaline phosphatase.
NBT/BCIP (NBT: nitro blue tretrazolium chloride, BCIP:
5-bromo-4-chloro-3-indolyl phosphate) is a colorless substrate
that becomes a blue precipitate when it is dephosphorylated.
When added to the samples NBT/BCIP leads to a stable blue
staining in cells where the anti-digoxigenin antibody is bound
(Figure 4). Endogenous phosphatase activity can lead to a false-
positive staining. Therefore, it is essential to inhibit phos-
phatases during the pretreatments of the tissue and to perform

valid negative-control experiments.

3.3 Large-scale expression screening

Once the ISH protocol for an organism is adjusted, it provides a
powerful tool to perform large-scale expression screens. For
example, it might be necessary to study and validate the expres-
sion of an adhesion-related candidate transcript list that resulted
from previous mass spectrometry or differential gene expres-
sion experiments. For high-throughput approaches, in situ
robots such as “InsituPro VSi” from Invatis AG are available.
For medium scale ISH screenings, a manual 24-well plate
system might be useful [10].

The knowledge of spatial and temporal expression patterns is
crucial to elucidate the function of genes during development.
Therefore, numerous high-throughput in situ screens have been
performed in model organisms from developmental biology
such as mouse [40,49-52], chicken [43,53,54], zebrafish [55],
mekada fish [56,57], the fruit fly Drosophila [47,58], the frog
Xenopus [59-62] and the ascidian Ciona intestinalis [63-66].
These screens demonstrate the potential of large-scale ISH for
the discovery of new genes. In bioadhesion research, high-
throughput expression analyses can be adapted for the identifi-
cation of genes exclusively expressed in adhesive organs,
providing a straightforward method to discover adhesion-related

proteins.

4. Gene function analyses by RNA interfer-
ence or TALENs/CRISPR

4.1 What is RNA interference?

In order to evaluate whether a transcript that is expressed in the

adhesive organs of an animal indeed exhibits a role in adhesion,
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a functional analysis of the gene and its respective protein is
necessary. There are several ways to identify the role of a gene,
but RNAI offers a fast and direct way. By means of RNAI the
mRNA of the gene of interest is broken down and the corres-
ponding protein cannot be produced anymore. The lack of the
protein will lead to a deficiency in the function of the cell
(Figure 5). In the case of an adhesion-related protein, this could
lead to a non-adhesive phenotype [10]. The degradation of the
respective mRNA is achieved by the application of a several
hundred base pairs long double-stranded RNA (dsRNA) corres-
ponding to the gene sequence or commercially available and
bioinformatically designed 20-25 base pairs (bp) small inter-
fering RNAs (siRNAs).

The dsRNA uptake by the cell and gene knock-down results
from a complex and multistep mechanism (Figure 5). The
exogenous long dsRNA (usually 200—1000 bp in length) is
transported to the cell cytoplasm, where it is recognized by a
ribonuclease III-like enzyme (Dicer). The Dicer cleaves this
long dsRNA in short fragments of 21-22 bp in length. These
short fragments are known as siRNAs. Each siRNA is unwound
into two single stranded components: The passenger strand,
which is degraded, and the guide strand which is recruited by
the RNAi-induced silencing complex (RISC). When the guide
strand fits to a given complementary mRNA, a protein which
makes part of the RISC, known as Argonaute, cleaves the
mRNA resulting in its efficient degradation. To date, a stan-
dardized RNAI protocol is still not available for some organ-
isms such as the fruit fly [67,68]. This is not the case for the
nematode Caenorhabditis elegans [69], or planarians [70-72],
for which straightforward RNAi protocols are established. The
application of RNAI is limited by the efficiency of the uptake of
dsRNA, which differs for different genes, organisms and devel-
opmental stages. Therefore, preliminary studies are required.
RNAI is currently available in a range of different methodolo-
gies and is widely used for functional analysis in cellular,
animal [73], and genome-wide studies [68,74]. In the context of
bioadhesion research, RNAi might also be applied to check if
the selected adhesion-related transcripts are actually carrying
out the expected function.

4.2 The RNA interference experiment

The first step is the synthesis of the dsRNA. The full-length
gene is usually not used for dsSRNA synthesis (Figure 5), rather
gene-specific sequences between 200 bp to 1000 bp are chosen.
Special attention should be paid to the selection of the sequence
of the transcript to be knocked-down and highly conserved
domains that could also be present in other genes should be
avoided. Therefore, for long dsRNA synthesis the sequence
identity and uniqueness to the target transcript of the organism
needs to be verified [67,68,75-77]. In order to generate the
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Figure 5: Functional analyses of an adhesion-related gene by RNA..
After the application of dsRNA the mRNA gets degraded. The lack of
the corresponding protein affects the function of the adhesive struc-
ture and the organism is unable to attach if an essential adhesion-
related gene has been targeted. See text for details.
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dsRNA, we have frequently used the same primers with which
ISH was previously performed. Templates can be generated by
standard PCR amplification from cDNA, but this time, with the
addition of a RNA polymerase promoter (T7, T3, or SP6) to the
5" end of both primers (forward and reverse). It is highly recom-
mended to clone and sequence the amplified fragments,
however, for a high-throughput screening, the amplified PCR
fragments might be used directly and verified only if an
interesting phenotype is observed. Following PCR amplifica-
tion a transcription reaction is performed in two independent
reactions to synthesize the two complementary RNA transcripts
from the template. Several commercial kits for RNA synthesis
are available and can be used according to the manufacturer’s
instructions [78-81]. After annealing the RNA strands by in
vitro transcription to form the dsRNA, the DNA and single-
stranded RNA are removed through a nuclease digestion. After
purification, dsRNA is checked for quality and concentration.
Finally, aliquots containing the desirable concentrations of
dsRNA can be stored at —80 °C or directly used for RNAi

experiments.

The dsRNA can be delivered to the target organism by a variety
of methods; the most common are soaking, ingestion and injec-
tion. In several aquatic organisms like Hydra, flatworms,
planarians, nematodes, and shrimps, feeding or soaking are the
most straightforward methodologies for delivering dsSRNA. The
organisms have to be immersed in a medium containing
dsRNA. Another strategy is ingestion, by inducing target organ-
isms to feed on other organisms like bacteria expressing the
desirable dsRNA [69,82-84], or transgenic plants for feeding
insects [85]. Also the combination of methods like the enrich-
ment of natural diets, for example, liver paste and Artemia
enriched with engineered bacteria to feed planarians and Hydra
[72,86]. Lastly, microinjection has been applied in several
species, like the harvestmen Opiliones [87] and tardigrades
[88]. The suitability of each delivery method depends on the
organism being studied. Experimental animals should be incu-
bated or injected with dSRNA solution for an appropriate period
of time. The incubation time is extremely variable and is depen-
dent on cell turnover in the target tissue. Gene knock-down in
biological adhesion has been achieved by using in vitro
designed long dsRNA in the flatworm Macrostomum lignano
[10].

Importantly, control experiments should include an RNAi mole-
cule against a heterologous sequence absent from the genome of
the target organism. For example, in the flatworm M. lignano a
dsRNA of the firefly luciferase sequence of 1002 bp was used
as negative control [78,80,81,89]. Regarding the validation of
experiments, quantitative real-time PCR is the most straightfor-

ward way to direct evaluate if the mRNA was in fact knocked
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down. Also, ISH against the target mRNA could provide a
representation of the results when comparing treated samples

and controls, albeit not in a quantitative manner.

4.3 New approaches: TALENs and CRISPR

Genome editing technologies offer a potential tool for bioadhe-
sion research. The central idea is to specifically mutate the
genomic region of the gene of interest to inhibit the production
of functional mRNA and protein. While RNAi experiments are
a robust and useful tool, the results of these experiments are
temporary, preventing longer-term evaluations. Traditionally,
zincfinger nucleases have been used for genome editing [90]
but they have limitations in the freedom to select a particular
genomic region, and they are expensive. Recently, two
customised genome editors have become available and these
have gained acceptance from the scientific community. First,
the transcription activator like effector nucleases (TALENSs)
[91,92], cause the fusion of DNA binding domains derived from
TALE proteins with the Fokl restriction endonuclease. Basi-
cally, TALENs induce DNA double-stranded breaks that stimu-
late the cellular DNA repair mechanisms enabling custom
modifications [91,93]. The second genome editor is the clus-
tered regulatory interspaced short palindromic repeat (CRISPR/
Cas) [94-97], which uses a guide RNA and a protein called
Cas9 endonuclease to enable a sequence-specific cleavage of
homologous target double-stranded DNA. Both TALENs and
CRISPR/cas genome-editing tools allow for gene knock-out,
knock-in (when a desired gene is inserted) or the modification
of genes, and represent a powerful method capable of providing
conclusive information for evaluating gene function. However,
these technologies require genomic information of the target
organism or the gene of interest. Also, the microinjection deliv-
ering system in single-cell embryos are compulsory for these
technologies. Nevertheless, TALENs and CRISPR appear to
work in principle in most organisms and might be a useful tool
to study gene function in diverse organisms.

Conclusion

The identification of adhesion-related genes and proteins is a
challenging task. Certain organisms allow the collection of the
glue and direct analyses by mass spectrometry or biochemistry.
Small organisms can exhibit remarkable adhesive performance
but their tiny size impedes the direct collection of the glue.
Therefore, other approaches are necessary for identifying adhe-
sive molecules. A molecular biological approach provides the
means to identify adhesion-related transcripts in these organ-
isms and allows their expression and function to be studied.
Nowadays, even a small research group can use high-
throughput sequencing platforms to generate a transcriptome of
an organism. Differential gene expression can be highly useful

to narrow down the number of candidate transcripts. In order to
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further confirm the expression of genes of the candidate list —
which can also be derived from a mass spectrometry experi-
ment — ISH needs to be employed. Next, the possible role of an
adhesion-candidate transcript can be studied by adapting gene
knock-down using RNAi or gene knock-out by TALENS or
CRISPR for the respective organism. The need for new strate-
gies in adhesion research demands efforts in key molecular
biology technologies. Enhancing our ability to understand in
vivo adhesive molecules is essential for exploring biomimetic
approaches to synthesising new adhesive products. A molec-
ular biology approach can help to facilitate the search for new
adhesives across the animal phyla.
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Abstract

The impeding effect of plant surfaces covered with three-dimensional wax on attachment and locomotion of insects has been shown
previously in numerous experimental studies. The aim of this study was to examine the effect of different parameters of crystalline
wax coverage on insect attachment. We performed traction experiments with the beetle Coccinella septempunctata and pull-off
force measurements with artificial adhesive systems (tacky polydimethylsiloxane semi-spheres) on bioinspired wax surfaces formed
by four alkanes of varying chain lengths (C3gH74, C40Hgz, C44Hgg, and CsoHjgy). All these highly hydrophobic coatings were
composed of crystals having similar morphologies but differing in size and distribution/density, and exhibited different surface
roughness. The crystal size (length and thickness) decreased with an increase of the chain length of the alkanes that formed these
surfaces, whereas the density of the wax coverage, as well as the surface roughness, showed an opposite relationship. Traction tests
demonstrated a significant, up to 30 fold, reduction of insect attachment forces on the wax surfaces when compared with the refer-
ence glass sample. Attachment of the beetles to the wax substrates probably relied solely on the performance of adhesive pads. We
found no influence of the wax coatings on the subsequent attachment ability of beetles. The obtained data are explained by the
reduction of the real contact between the setal tips of the insect adhesive pads and the wax surfaces due to the micro- and
nanoscopic roughness introduced by wax crystals. Experiments with polydimethylsiloxane semi-spheres showed much higher
forces on wax samples when compared to insect attachment forces measured on these surfaces. We explain these results by the
differences in material properties between polydimethylsiloxane probes and tenent setae of C. septempunctata beetles. Among wax
surfaces, force experiments showed stronger insect attachment and higher pull-off forces of polydimethylsiloxane probes on wax
surfaces having a higher density of wax coverage, created by smaller crystals.

1031


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:egorb@zoologie.uni-kiel.de
http://dx.doi.org/10.3762%2Fbjnano.5.116

Introduction

During their locomotion, insects use different structures for
attachment, depending on the texture of the substrate. They
usually apply their claws to interlock with surface irregularities
on rough surfaces, when the diameter of the claw tip is smaller
than the dimensions of typical surface asperities or cavities [1].
On smooth and microrough substrates, many insects use highly
specialised adhesive pads, which may be located on different
parts of the leg and are of two different types: smooth and
setose (hairy) [2,3]. Due to the material flexibility of smooth
pads and fine fibrillar surface microstructures (tenent setae) that
cover hairy pads, both pad types can maximize the possible
contact area with various substrate profiles (reviews [2,4,5]).
Additionally, insect pads release a secretory fluid, which is
most probably a micro-emulsion containing water-soluble and
lipid-soluble fractions, onto a contact zone [2,6-8]. Due to such
an elaborate system, insects are able to attach successfully and
move efficiently on a variety of substrates (e.g., [9-11]) by
using a broad range of physical interactions.

In nature, most insect species are associated with plants. During
the long period of co-evolution between plants and insects,
plants have developed surfaces that enable pollinators
and symbiotic insects to attach to and walk on, as well as
surface structures that reduce insect attachment [11].
The impeding effects of plant surfaces on insect attachment
ability depend on the concrete plant—insect system and may
serve as a defence mechanism against herbivores and nectar
robbers or as a mechanism preventing the escape of insects
from traps of carnivorous plants and kettle trap flowers. Plant
surface features such as particular cell arrangements, shapes,
and orientation, as well as the presence of some types of
trichomes, acting mainly at the macroscopic level, hinder the
interlocking of insect claws. Additionally, plant-produced wet
films on the surface, microscopic cuticular folds and epicutic-
ular (deposited onto the plant cuticle) wax crystals reduce the
adhesion of insect attachment pads (reviews [11,12]). In the
present study, we consider the effect of wax crystal dimension

on insect attachment.

Three-dimensional projections, called wax crystals throughout
the text, emerge from a two-dimensional film of cuticular lipids
(waxes), representing the hydrophobic component of the
plant cuticle [13]. Both projections and films exhibit a crys-
talline nature [14,15]. Wax crystals range in size from 0.5 to
100 pm and show various morphologies, such as platelets,
rodlets, tubules, threads etc. [16,17], which originate from the
self-assembly of specific molecules (e.g., [14,18-21]). The mor-
phology of crystals is coherent with the chemical composition
of the wax, representing a complex mixture of long-chain ali-
phatic and cyclic hydrocarbons, fatty acids, aldehydes, B3-dike-
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tones, primary and secondary alcohols, and is usually deter-
mined by the dominating chemical compound or compound
class [16,22,23].

The effect of plant surfaces covered by wax crystals on insect
attachment has been examined experimentally using
different approaches in numerous previous studies (e.g., [10,24-
441]). It has been demonstrated that such surfaces can greatly
reduce the insect attachment ability when compared to wax free
substrates. Not only the presence of wax crystals, but also
their size and density affect insect attachment. The effect of
the length and density of crystals has been observed in the case
of Cryptolaemus montrouzieri beetles moving on the leaflets of
the Pisum sativum plants covered with wild-type waxes and
plant mutants with reduced wax coverage [40]. It has been
found that the force reduction correlated with the increasing
crystal length and the decreasing density of individual wax
crystals. However, plant surfaces used also differed in the shape
of the crystals in addition to their variability of dimension and

density.

The aim of this study was to examine the effect of different
parameters of crystalline wax coverage on insect attachment.
To avoid the possible influence of chemical diversity and
crystal shape, we decided, instead of using native plant
wax surfaces, to use bioinspired wax surfaces covered by
crystals having a similar morphology. Bioinspired surfaces
were made of long-chain hydrocarbons, which can
be dominating chemical constituents in plant waxes [22].
Four m-alkanes of varying chain lengths (C3¢H74,
CyoHgo, C44Hgg, and C50Hj(p) were used to form crystalline
wax coatings having a different size and density of crystals.
Different alkanes created different roughness on the
surface [45,46].

Insect attachment ability was studied in traction experiments
with adult seven-spotted ladybird beetles Coccinella septem-
punctata (Coleoptera, Coccinellidae) walking on five different
substrates: four wax surfaces plus a hydrophilic smooth glass
used as a reference sample. Two main questions were
addressed. (i) Do insects perform differently on smooth glass
and wax coated samples? (ii) How do different characteristics
of crystalline wax surfaces influence the attachment? We also
measured adhesion (pull-off) forces of artificial adhesive
systems on these surfaces. Here, tacky and deformable polydi-
methylsiloxane (PDMS) semi-spheres, having elasticity moduli
similar to those of insect adhesive pads were used as probes
[47]. Results obtained in different types of force tests
were compared and discussed from the perspective of insect

attachment.
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Results

Bioinspired wax surfaces formed by alkanes of varying chain
lengths (C36H74, C49Hgp, C44Hog, and CsoHj(p), referred to as
C36, C40, Ca4, and Csg, respectively, throughout the text,
were regularly covered with submicroscopic plate-like wax
crystals (Figure 1). The size of the wax crystals (Table 1)

Beilstein J. Nanotechnol. 2014, 5, 1031-1041.

gradually decreased as the alkane chain length increased,
showing a significant difference between surfaces (length:
H3 499 = 336.512; thickness: H3 499 = 366.532; both P < 0.001,
Kruskal-Wallis one way ANOVA on ranks). Also, pairwise
comparisons of samples demonstrated significant differences in
both morphometrical variables, with the exception of Cy4 vs

(b)

© ()

Figure 1: Scanning electron microscopy (SEM) micrographs of wax surfaces formed by alkanes of varying chain lengths: C3gH74 (a), C40Hs2 (b),

Cy4Hgp (c), and C5oH1g2 (d). Scale bars = 2 ym.

Table 1: Morphometrical variables of crystals, surface roughness, and wetting properties of wax samples.?

sample CL, um CT, um CD, um Rg, nm r.m.s., nm CA,°

Css 0.713+0.213 0.170 £ 0.032 5.460 £ 0.617 973.66 1024.46 165.6 £ 1.5
n=125 n=125 n=4 n=1 n=1 n=15

Cao 0.483 +0.133 0.166 + 0.032 4.956 + 0.269 695.92 737.55 1634 +1.1
n=125 n=125 n=4 n=1 n=1 n=15

Cuq 0.301 £0.727 0.118 £ 0.022 8.386 + 2.030 622.97 651.30 161.3+1.9
n=125 n=125 n=3 n=1 n=1 n=15

Cso 0.279 £ 0.078 0.077 £ 0.013 27.786 + 1.251 134.70 137.42 160.0 £ 2.2
n=125 n=125 n=4 n=1 n=1 n=15

aCA, apparent contact angle of water; CD, density of crystals; CL, crystal length; CT, crystal thickness; n, number of individual measurements;

R4, mean roughness; r.m.s., root mean square of roughness.
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Csq for the crystals length and C34 vs Cyq for the crystals thick-
ness (Table 2). On the contrary, the density of crystals on the
surface (Table 1) showed a significant, up to five-fold, increase
with an increased chain length (F3 14 = 359.201, P < 0.001, one
way ANOVA). However, the density was similar in C3¢4 and
C40 (Table 2)

Table 2: Results of statistical analyses (Tukey test performed after
Kruskal-Wallis one way ANOVA on ranks and one way ANOVA) of
morphometrical variables of wax crystals between different wax
samples.?

comparison q P significantly
different
length

Csg vs Cyo 7.909 <0.05 yes
C3g Vs Cyq 20.146 <0.05 yes
C36 Vs Csp 22.541 <0.05 yes
CsqoVs Cyq 12.237 <0.05 yes
Cy40 Vs Csp 14.631 <0.05 yes
Ca4q vs Cx 2.395 >0.05 no
thickness

Csg vs Cyo 1.000 >0.05 no
C3g Vs Cyq 12.954 <0.05 yes
C36 vs Csp 23.364 <0.05 yes
C4o Vs Cyq 11.955 <0.05 yes
Cyo vs Csp 22.264 <0.05 yes
Cy4 vs Cxp 10.409 <0.05 yes

density

Csg vs Cyo 0.884 >0.05 no
C3g Vs Cyq 4.760 <0.05 yes
C36 vs Csp 39.101 <0.05 yes
Cao Vs Cyq 5.578 <0.05 yes
Cyo vs Csg 49.987 <0.05 yes
Cy4 vs Csg 31.443 <0.05 yes

ap, probability value; g, Tukey test statistics; yes, significantly different;
no, no significant difference.

Wax crystals created a microscopic and nanoscopic roughness
of surfaces (Figure 2, Table 1). Values of the surface roughness
parameters dropped by factors of 7-9, when C3¢4 was compared
with Csg Both middle-chain alkanes created surfaces with rela-
tively similar mid-range roughness. All four wax samples
showed superhydrophobic properties: apparent contact angles of
water ranged from ca. 160 to 166° (Table 1).

The traction forces generated by beetles Coccinella septem-
punctata in the first and second tests on glass did not differ in
either of the experimental sets with various wax surfaces
(Table 3). Force values obtained on the glass sample were up to
30 times higher compared to those obtained on wax surfaces
(Figure 3a, inset) and showed highly significant differences
with the latter (Kruskal-Wallis one way ANOVA on ranks:
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Hy 159 = 121.922, P < 0.001; Table 3). Traction forces
measured on wax surfaces ranged from 0.224 + 0.053 to
0.418 £ 0.301 mN. Comparisons between these samples
revealed a trend toward an increase of force values in the order
of surfaces C34—Cy40—Cs4—Cs0 (Figure 3a): Forces on the Cs
surface were significantly higher compared to those on C3¢4 and
Cyg surfaces, whereas forces in other surface pairs were similar
(Table 3).

Table 3: Results of statistical analyses (t-test, Mann—Whitney rank
sum test, and Dunn’s method performed after Kruskal-Wallis one way
ANOVA on ranks) of traction force values obtained on different
samples.?

comparison d.f. test P significantly
statistics different
glass: 1vs 2
Csp 38 t=0.048 0.962 no
Cao — T=428 0.636 no
Cu4 38 t=0.580 0.565 no
Cso — T=4040 0.862 no
glass vs wax
Css — Q=7.203 <0.05 yes
Cao — Q=7743 <0.05 yes
Cuq — Q=6.938 <0.05 yes
Cso — Q=5734 <0.05 yes
between wax
C36 Vs Cyo 38 t=1.105 0.312 no
C36 Vs Cyq — T=2396 0.715 no
Csg Vs Csg — T=319 0.015 yes
C40 Vs C44 — T=362 0.198 no
Cyqo Vs Csg — T=299 0.003 yes
Cyq Vs Csg — T=340 0.062 no

ad.f., degrees of freedom; P, probability value; Q, Dunn’s method
statistics; ¢, t-test statistics; T, Mann—Whitney rank sum test statistics;
yes, significantly different; no, no significant difference.

Pull-off forces measured using PDMS semi-spherical probes
were either significantly lower in cases of shorter-chain alkanes
or similar in cases of longer-chain alkanes, when compared with
forces obtained on the glass sample (Figure 3b, Table 4).
Among the wax surfaces, we observed a trend of rising pull-off
forces in the following order of samples C34—C40—C44—C5g
(Figure 3b): the lowest force was measured on Cjg
(0.800 = 0.712 mN) and the highest one on Cjy
(3.092 £ 1.094 mN). However, significant differences in force
values were found only in Csg vs C3¢ and Csg vs Cyq (Table 4).
In other pairs of surfaces, differences were non-significant
(Table 4).

Correlations between forces and different wax surface parame-

ters (crystal length, crystal thickness, density of crystals, mean

roughness, and root mean square of roughness) were examined.
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Figure 2: Atomic force microscopy (AFM) height images used for estimating the surface roughness parameters R, and r.m.s. (a—d) and three-dimen-
sional projections (e—h) of wax surfaces created by alkanes of varying chain lengths: C3gH74 (a,e), C4oHs2 (b,f), C44Hgg (c,9), and CsgH102 (d,h).

We found a significant positive correlation between the traction
force and crystal density (P = 0.002, linear regression;
Figure 4a). The pull-off force showed significant negative
correlations with the crystal thickness (P = 0.011, linear regres-
sion; Figure 4b), mean roughness R, (P = 0.034, linear regres-
sion; Figure 4c), and root mean square of roughness r.m.s.
(P = 0.032, linear regression; Figure 4d). Other correlations
between forces and wax surface parameters were non-signifi-
cant (P > 0.05, linear regression).

Discussion

Using n-alkanes of varying chain lengths (C36H74, C40Hga,
Cy4Hgg, and Cs50H1(y), we obtained surfaces with crystalline
wax coatings composed of crystals having similar plate-like
shapes. Wax crystals were either of the same dimensions as

epicuticular crystals in plants [16,17] or even smaller, because
we used alkanes with the same or longer chain lengths, when
comparing to plant wax compounds (20 to 40 carbons [22,23]).
Microscopy studies of our bioinspired wax surfaces showed
differences in both crystal size and density among the samples:
The length and thickness of the crystals decreased with an
increase of the chain length of the alkanes that formed these
surfaces, whereas the density of the wax coverage showed an
opposite relationship. These differences in the wax coverage
micromorphology caused distinctions in the surface roughness.
Samples bearing looser coverage were composed of larger
(longer and thicker) crystals and were rougher than samples
with smaller (shorter and thinner) crystals covering the surface
more densely. Since the surface roughness dropped in the order
of surfaces C34—Cy49—Cy44—C5s0, it demonstrated a similar
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Figure 3: Traction forces of male beetles Coccinella septempunctata (a) and pull-off forces of PDMS semi-spheres (b) on different surfaces.
According to the t-test and Mann—Whitney rank sum test (Table 3 and Table 4), means/medians with different letters differ significantly from each

other.

Table 4: Results of statistical analyses (t-test and Mann—Whitney rank
sum test) of pull-off force values obtained on different samples.

comparison d.f. test P significantly
statistics different
glass vs wax
Csg 48 t=8.733 <0.001 yes
Cao 48 t=6.317 <0.001 yes
Cuq — T=197 0.163 no
Cso — T =268 0.762 no
between wax
Csg Vs Cyo 18  t=-1252 0.226 no
C36 vs Cyy — T=81 0.076 no
C36 Vs Csg — T=58 <0.001 yes
Cyo Vs Cyq — T=92 0.345 no
Cyo Vs Csp 18  t=-4.082 <0.001 yes
Cy4 Vs Csg 18 t=-1.467 0.160 no

d.f., degrees of freedom; P, probability value; ¢, t-test statistics; T,
Mann—Whitney rank sum test statistics; yes, significantly different; no,
no significant difference.

dependence on the chain length as did the morphometrical
variables of crystals. Interestingly, the values of surface rough-
ness parameters measured using AFM on the crystalline epicu-
ticular wax in the pitcher of the Nepenthes alata plant
(R =0.254 £ 0.035 pm, r.m.s. = 0.317 £ 0.045 um [48]) were
in the range of those measured in our bioinspired samples, to be
exact between those of C44 and Csq samples. The fine micro-
roughness of bioinspired surfaces covered by hydrophobic wax
material led to very high values of the apparent contact angle of
water, which were very close to those measured on plant
surfaces bearing three-dimensional waxes (e.g., [49-51]).

The tarsal attachment system of the C. septempunctata beetle
used in this study has been previously described in detail by
Gorb et al. [52]. The tarsus bears two ventrally curved claws
with a claw tip diameter of about 4 um [42] and hairy adhesive
pads situated on the ventral side of the two first proximal
tarsomeres (Figure 5a). Pads are covered with numerous tiny
setae having various tip shapes, from sharp-pointed to spatula-
like, ranging in width from ca. 1.8 to 3.5 um (Figure 5b—d).
Male beetles additionally have large areas (up to a half of the
total pad area) covered by setae with discoid terminal elements
having an average diameter of 8 um (Figure 5a,e). These setae
are adapted for holding strongly on to females for a long time

during mating [53,54].

As the studied substrates were lacking surface structures suit-
able for claw interlocking (larger than 4 um according to [1]),
we assume that insect attachment relied solely on the
performance of adhesive pads. Traction force tests demon-
strated a great reduction in beetle attachment on microstruc-
tured crystalline wax surfaces compared to smooth glass
(R, =0.007 £0.001 pm, r.m.s. = 0.009 = 0.001 um [47]). These
results are in line with previous experimental data obtained for
different insect species on three-dimensional plant waxes vs
smooth surfaces (see Introduction). The good performance of
the beetles during the second run on glass, which followed the
test on each bioinspired wax surface, indicated no influence of
the wax coatings on the subsequent attachment ability of
insects. This may also suggest that there was no contamination
of insect adhesive organs by wax crystals in our experiments,
although a contaminating effect caused by plant crystalline

waxes has been repeatedly reported previously (e.g., [25,38,55-
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Figure 4: Traction forces of male beetles Coccinella septempunctata vs crystal densities (a) and pull-off forces of PDMS semi-spheres vs crystals
thickness (b), mean roughness R; (c), and root mean square of roughness r.m.s. (d). Lines indicate linear regressions.

57]). Therefore, we did not consider contamination as a mecha-
nism for the reduction of beetle attachment on bioinspired wax
surfaces studied (see hypotheses proposed for plant waxes
[10]). The obtained data may be primarily explained by the
inability of relatively large setal tips to make full contact with
these surfaces: The real contact area was highly reduced
presumably due to the micro- and nanoscopic roughness intro-
duced by wax crystals (roughness hypothesis according to [10]).
The impact of the surface roughness on insect adhesion has
been shown in a number of experimental studies demonstrating
a greatly reduced adhesion on the surface roughness of specific
microscopic dimensions in comparison to smooth substrate
[2,58-60]. Also, an adsorption of the secretion from insect adhe-
sive pads by the bioinspired wax coverage and/or wax
dissolving in the pad secretion leading to hydroplaning cannot
be completely excluded (adsorption hypothesis and wax
dissolving hypothesis [10]).

Using PDMS semi-spheres as artificial adhesive systems, we
obtained much higher forces on wax samples compared to
insect attachment forces measured on these surfaces. These

force values were either close or equal to those measured on

glass. We explain these results by differences in the material
properties between PDMS and tenent setae of C. septempunc-
tata beetles. The PDMS probes exhibited elastic properties
(effective E-modulus of ca. 70 kPa), which were in the range of
those in smooth adhesive pads of insects (27 kPa in Tettigonia
viridissima [61] and 12—625 kPa in Carausius morosus [62]).
Due to high deformability of the material, PDMS probes were
able to make good contact with the substrates. Similar force
values obtained on glass and on both Csy and Cy4q suggest a
similar real contact area between the probes and these three
surfaces. The material in the hairy adhesive pads of C. septem-
punctata is much stiffer: The lowest E-modulus recently
measured at the setal tip is 1 MPa [63]. Therefore, the pressing
in of less deformable pad material into cavities between the wax
crystals probably did not occur, resulting in a smaller real
contact area and, consequently, lower traction forces. Also, the
lack of pressing in will not lead to the mechanical interlocking
at the interface and will not contribute to increase of traction
forces.

Among the bioinspired wax surfaces, the highest attachment

force was measured on Cs. It significantly correlated with the
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Figure 5: SEM micrographs of tarsal attachment devices in the male
beetle Coccinella septempunctata: tarsus of the foreleg (a) and
different types of tenent setae (b—e). Arrow in (a) shows the distal
direction. CW, claw; T1, first proximal tarsomere; T2, second proximal
tarsomere. Scale bars = 500 ym (a), 20 uym (d,e), 10 um (b,c). Adapted
from [52].

densest coverage, created by the smallest crystals. These results
are not in line with our previous findings showing the opposite
effects of the crystal size and density on insect attachment [40].
The discrepancy may be due to differences in the micromor-
phology of the crystals between the surfaces used in these
studies. Here, all wax surfaces were uniformly covered with
platelet-like crystals, whereas previous data were obtained on
real plant surfaces bearing crystals of diverse shapes (platelets,
combination of scales with ribbons, and combination of fila-
ments with ribbons and rodlets).

Pull-off force measurements performed on bioinspired wax
surfaces with artificial adhesive systems also showed the
highest force on the Cs( surface. Force values grew with a
decrease in both crystal sizes (thickness) and surface roughness.
The latter result is in accordance with data of previous studies
on rubber surfaces, where the highest forces were recorded on
substrates with the finest microroughness [47,64,65]. In these
cases, as well as in Csg, the small dimensions of the surface
structures together with their dense distribution on the surface
resulted in a rather smooth surface topography. Such substrate

Beilstein J. Nanotechnol. 2014, 5, 1031-1041.

profiles can be replicated by very deformable material down to
a micro- or even nanometer scale due to high flexibility of one
of the contact partners (substrate or probe).

Conclusion

By using n-alkanes of varying chain lengths, we obtained highly
hydrophobic surfaces with wax coatings composed of crystals
having similar shapes, but differing in size and distribution/
density. Insect attachment on these substrates probably relied
solely on the performance of adhesive pads. Force experiments
showed stronger insect attachment ability and higher pull-off
forces of PDMS probes on the wax surface with a higher
density of wax coverage, created by smaller (thinner) crystals.
At this (sub)microscopic range of roughness, adhesion grew
with an increase of the substrate smoothness.

Experimental

Wax surfaces were prepared through self-assembly of n-alkane
hexatriacontane C3gH74 (98%), tetracontane C4oHgr (295%),
tetratetracontane C44Hog (99%), and pentacontane CsoHjg;
(>97%) (Sigma-Aldrich, France). The waxes were deposited by
thermal evaporation using a Bio-Rad Polaron Division Coating
System, in a vacuum chamber at 10~ mbar on a holder placed
10-12 cm above a crucible loaded with 40-50 mg of wax. The
wax was evaporated at a crucible temperature of about 200 °C
by applying pulses of an electrical current. After evaporation,
the specimens were kept at room temperature (25 °C).

Surface imaging was performed by using SEM (FEI E-SEM
Quanta 200, FET Company, Hillsboro, OR, USA). Morphomet-
rical variables of wax crystals (length CL and thickness CW)
and density of crystals (CD) covering the surface of bioinspired
wax samples were measured from digital images using the
image analysis software SigmaScan Pro 5.0.0 (SPSS Inc.,
Chicago, IL, USA).

The topography of wax surfaces was examined using the AFM
(Typ NanoWizard, JPK Instruments AG, Berlin, Germany). On
each sample, areas of 5 um x 5 pm were scanned in intermit-
tent contact mode with a supersharp silicon non-contact
cantilever (SSS-NCH, Nanoworld, Neuchatel, Switzerland).
The scanned area was comparable with the size of setal tips in
adhesive pads of the beetle C. septempunctata [52]. The images
obtained were processed with the scanning probe image
processing software (SPIP, Version 5.1.2, Image Metrology
A/S, Hersholm, Danemark) for evaluation of roughness para-
meters, such as R, (mean roughness) and r.m.s. (root mean
square of roughness). Prior to roughness analyses, the images
were plane corrected. The scanning tip geometry was character-
ized by scanning on a mica disc covered with colloidal gold
particles (5.5, 9.3, and 14.4 nm in diameter) (Pelco AFM Gold
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standard Kit Product No. 16205, TED Pella Inc., Redding, CA,
USA). Using the SPIP software, the radius of 13 nm was deter-

mined via blind tip reconstruction.

Measurements of contact angles of double-distilled water on
wax surfaces were performed by using a high-speed optical
contact angle measuring device OCAH 200 (DataPhysics
Instruments GmbH, Filderstadt, Germany) according to the
needle-in sessile drop method. For a detailed description of the
method, see [50]. We applied 1 pL drops and ellipse fitting for
evaluation of apparent contact angles. On each surface, the
contact angles of 15 drops were measured. Altogether,
60 measurements were executed.

To measure the attachment forces of Coccinella septempunc-
tata beetles on different substrates, traction experiments with
tethered walking male insects were carried out by using a load
cell force transducer (10 g capacity, Biopac Systems Ltd, Santa
Barbara, CA, USA) as described in [52]. Insects were collected
from plants along roadsides near Kronshagen (Germany). The
experimental design includes three successive force tests with
the same beetle: first on hydrophilic smooth glass (glass 1), then
on one of the wax surfaces, and once more on glass (glass 2).
Each insect individual was tested on all wax surfaces. We used
20 male beetles and carried out 240 traction tests in total.

Pull-off forces were measured in indentation experiments with
the micro-tribometer Basalt 01 (Tetra GmbH, Ilmenau,
Germany), which has been described in detail in [66]. We
applied a recently developed technique for testing surfaces with
very low adhesive capability by using elastic (effective
E-modulus of ca. 70 kPa) PDMS semi-spheres as probes [47].
With each probe, pull-off force measurements were conducted
at an applied normal force of ca. 1 mN on two samples:
(1) hydrophilic smooth glass and (2) one of the wax surfaces.
The order of samples was not randomized. We used 40 probes
(20 for each wax surface) and performed 80 pull-off force
measurements in all.

All experiments were carried out at room temperature
(20-25 °C) and a relative ambient humidity of 30-42%. Values
are presented in the text as “mean + standard deviation”. Data
obtained were statistically analysed with the SigmaStat 3.5 soft-
ware (SPSS Inc., Chicago, IL, USA). One way ANOVA and
Kruskal-Wallis one way ANOVA on ranks were used to eval-
uate differences in the morphometrical variables of the crystals
between wax surfaces. We applied Kruskal-Wallis one way
ANOVA on ranks for comparison of traction force values on
glass and wax surfaces. To compare traction forces and pull-off
forces obtained on pairs of different substrates, data were

analysed with #-test and Mann—Whitney rank sum test. Correla-

Beilstein J. Nanotechnol. 2014, 5, 1031-1041.

tions between forces and different wax surface parameters
(crystal length CL, crystal thickness CT, density of crystals CD,
mean roughness R, and root mean square of roughness r.m.s.)

were examined by using linear regression.
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Abstract

The microstructure investigated in this study was inspired by the anisotropic microornamentation of scales from the ventral body
side of the California King Snake (Lampropeltis getula californiae). Frictional properties of snake-inspired microstructured
polymer surface (SIMPS) made of epoxy resin were characterised in contact with a smooth glass ball by a microtribometer in two
perpendicular directions. The SIMPS exhibited a considerable frictional anisotropy: Frictional coefficients measured along the
microstructure were about 33% lower than those measured in the opposite direction. Frictional coefficients were compared to those
obtained on other types of surface microstructure: (i) smooth ones, (ii) rough ones, and (iii) ones with periodic groove-like
microstructures of different dimensions. The results demonstrate the existence of a common pattern of interaction between two
general effects that influence friction: (1) molecular interaction depending on real contact area and (2) the mechanical interlocking
of both contacting surfaces. The strongest reduction of the frictional coefficient, compared to the smooth reference surface, was
observed at a medium range of surface structure dimensions suggesting a trade-off between these two effects.

Introduction

Owing to the lack of extremities, the ventral body side of snakes
is in almost continuous contact with the substrate. In spite of
this, snakes are one of the most successful animal groups in
occupying niches on all continents, except for Antarctica [1-3].
From a tribology point of view, their ventral skin surface has to
fulfil two opposite functions: (1) to support body propulsion
during locomotion by generating high friction in contact with

the substrate and (2) to reduce skin material abrasion by gener-
ating low friction in forward sliding along the substrate [4].
Anisotropic frictional properties of the snake skin were previ-
ously shown by several tribological studies using various tech-
niques at the macro scale [5-9], meso scale [10], and nano scale
[11]. These properties must be kept up over a longer period of

time until new skin is moulted.
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Frictional properties of snake skin in contact with a solid
partner depend on (i) the surface energy, (ii) material properties,
and (iii) surface topography of the tribo-pair [12,13]. The
surface energy of snake skin has been mostly assumed
according to the chemical analysis of the skin material [14-18].
Only Lillywhite et al. [19] directly measured contact angles of
the snake skin and showed its hydrophobic properties. The
mechanical properties of the skin have been investigated in
great detail by Klein and Gorb [20]. They revealed a depth
gradient in stiffness: the skin consists of a hard, robust, inflex-
ible outer surface and softer, flexible inner layers [20]. The
topography of the skin is well known for many snake species
[4,6,8,11,18,21-34]. Some of the previous authors suggested
that the microstructure of the ventral surface could be of high
relevance for the snake locomotion [6,8,10,11,34].

Lampropeltis getula californiae, the California King Snake
(Figure la) was recently chosen as biotribological model,
because this snake lives in habitats with a relatively wide
variety of substrates and therefore the skin modifications are
presumably adapted for locomotion not just for one type of sub-
strate. The microstructures on ventral scales are regular tooth-
like shaped caudally-oriented (parallel to the body axis of the
snake, see Figure 1b) with anisotropic frictional properties [10].
However, the complexity of the microstructure of this species is
limited to the extent that it is suitable for transfer in artificial
epoxy resin surfaces. Such artificial surfaces were used in this
study for closer frictional characterization.

Due to the fact that controlled variation of the surface
microstructure of the biological model is not possible, the
investigation of the influence of the microstructure on the fric-
tional properties is almost impossible, because of the absence of
a control surface made of the same material. By using epoxy
resin polymer surfaces for tribological investigations, we gained
the opportunity to transfer the snake skin microstructure and

Beilstein J. Nanotechnol. 2014, 5, 1091-1103.

other types of surface topographies into a well defined material
by using two-step moulding technique [35]. Snake-inspired
microstructured polymer surface (SIMPS) was developed in
cooperation with the company Leonhard Kurz Group Stiftung &
Co (Firth, Germany). Its geometry is based on that of the
ventral snake scales of L. g. californiae [10] (Figure 1c).

In the previous study, we have characterised frictional prop-
erties of shed snake skin from L. g. californiae and the influ-
ence of the stiffness of the underlying skin layers and the
surface roughness of the substrate on the frictional coefficient
[10]. In the present study, we used a similar experimental setup
to characterise frictional properties of the SIMPS. Additionally,
frictional properties of a broad variety of epoxy surfaces with
different types and dimensions of the microstructure were char-
acterised to understand the influence of two general tribolog-
ical phenomena on friction: (1) molecular interaction depending
on the real contact areca between surfaces and (2) the inter-
locking of surface asperities of both contacting surfaces [36-
38]. This approach of investigating the contribution of different
geometries and dimensions of microstructures to the friction
coefficient was chosen, because the complex phenomenon of
friction cannot be reduced to a single mechanism: It is rather a
result of various simultaneously acting mechanisms at different
scales [39-41] and this approach opens up opportunities (i) to
draw conclusions on the influence of the microstructure of the
snake skin on frictional properties and thereby to extend the
knowledge on specific surface modifications due to the legless
locomotion of snakes and (ii) to evaluate which particular
features (shape, dimension, orientation) of the snake skin are
worth of mimicking for technological applications.

Results

Surface morphology
The morphology of the SIMPS’ microstructure is much alike
the biological model regarding the structural wavelength and
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Figure 1: From the snake skin microstructure to the SIMPS. a) Photograph of the California King Snake (Lampropeltis getula californiae). SEM-micro-
graphs of the snake skin of a ventral scale (b) and the SIMPS made of epoxy resin (c).
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the mean width of denticulations. The length of the denticula-
tions on SIMPS is shorter than that of the snake surface, but the
overall dimensions of the microstructures are comparable
(Table 1). The geometrical anisotropy in form of slopes is
present (Figure 2a). The angle in the direction of the measure-
ment along the SIMPS’ microstructure is 47°, in the opposite
direction 62°, and in lateral direction 55° (Table 2,
Figure 2a).The quality of the moulded polymer surfaces was
inspected by SEM and AFM (Figure 3). To ensure the absence
of abrasion on the surface of the probe (a smooth glass ball), its
surface was repeatedly examined by white light interferometer
(data not shown).

As an indication for the maximum contact area occurring in our
measurements we estimated the Hertzian contact area [42] of
the glass sphere in contact with flat substrate according to the
following parameters. The radius of the glass sphere was
Ry = 0.5 mm. For the glass sphere, an elastic modulus of 70 GPa
and a Poisson's ratio of 0.2 were assumed [43]. The elastic
modulus of the epoxy resin was estimated to be 7 GPa and the
Poisson's ratio to be 0.5 [43]. The geometric deformation
between the sphere and flat surface under an applied normal

Beilstein J. Nanotechnol. 2014, 5, 1091-1103.

Table 2: Frictional coefficients (mean values and standard deviations)
measured on SIMPS and angles of microstructure. Arrows show
sliding directions of each individual measurement.

surface type frictional angle
coefficient, p

force F' was characterised by the indentation depth d and inden-
tation radius a (Figure 4).

The contact radius @ can be described by [37]:

a=+JRd . (1)

Table 1: Dimensions of the microstructures of the ventral scales of the snake L. g. californiae and the SIMPS.

structural wavelength of the

length of the denticulations [um]

mean width of the denticulations

microstructure [um] [um]
L. g. californiae 1.1+£0.1 25+0.5 0.6+0.1
SIMPS 1.2+041 1.1+0.2 0.7+0.2
a) along b) perpendicular to MS
against MS E MS parallel |:>
vy =
5 iy
along MS
lateral to MS
B e
against A
MS

Vv Ve

Figure 2: Scheme of the directionality of frictional measurements on polymer surfaces and its geometry. a) Directions of measurement relative to the
topography of the SIMPS and angles of the microstructure depending on the measurement directions: a: along, B: against and A: lateral to the
microstructure. b) Diagram of the periodic groove-like profile. MS: microstructure, A: periodicity of the structure, W: width of the structure and D: depth

of the grooves.
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Figure 3: SEM (a—d) and AFM (e) micrographs of epoxy resin polymer moulds of different types of surfaces used in experiments. a) Smooth surface.
b) Randomly rough surface with a grain size of 0.3 pm. c) Surface with periodically groove-like microstructures with a structural wavelength of 5 um.

d) SIMPS. Scale bars = 10 uym. e) 3D surface profile of the SIMPS.

Figure 4: Contact area between sphere and flat elastic surface.
F: Normal force. a: indentation radius. d: Indentation depth. Image
modified after Popov [37].

The relationship between applied force and geometrical defor-
mation can be described by the following formula [37]:

Fng*x\/E%, @)
where
1-v: 1-v3
L _Iovs 1ovie 3

The calculated contact area between the tribo-pair on smooth
and flat surfaces was 40 um? corresponding to a contact radius
of 3.5 um and an indentation depth of 25 nm. The actual contact
areas in case of the microstructured surfaces were indeed
smaller. The following calculations are dealing with the
geometric dimensions between the periodicity of the
microstructures and the glass ball as counterpart, without

applying a normal force (Figure 5). Detailed calculations are
only possible for groove-like microstructure polymer surfaces
(PGMS) due to the regular and well defined surface microstruc-
tures. Information on the exact geometry of PGMS topography
is listed in Table 3. The measured details are described in
Figure 2.

A

Figure 5: Geometric interaction between sphere and PGMS.

R: sphere radius. a: indentation radius. d: indentation depth. The
elastic response of the materials is excluded. Image modified after
Sondhaul} et al. [38].

The indentation depth 4 of the glass sphere was calculated
according to the following formula modified after Sondhaul} et
al. [38]. With the indentation radius a and the periodicity of the
structure 4.
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Table 3: Exact geometry of each PGMS pattern (mean values and standard deviations) measured by white-light interferometer. A: pitch dimension,
A: periodicity of the structure, W: width of the structure and D: depth of the grooves.

sample A [um]
PGMS -A=5pum 53105
PGMS - A =25 pm 249+1.38
PGMS - A =50 pm 50.0+0.3
PGMS - A =100 uym 1004 +£1.9

a= 4 (€]
4
and
2 2
;= M. 5)
2h

The calculated indentation depth of the glass ball into the
microstructures without material deformation is listed in
Table 4. It is necessary to emphasise that this theoretical inden-
tation depth means the depth of penetration of the spherical cap
just by geometry. The real indentation depth of the glass ball

W [um] D [um]
22+0.1 22+03
13.1£1.1 52+04
23.8+23 17.7+04
494 +£26 342+1.2

into the microstructures under a certain applied normal force is
a combination of the material deformation and geometric condi-
tions. Hence, this calculated penetration depth describes the

minimal penetration depth between the tribo-pair.

It is necessary to notice that the spacial resolution of the
microtribometer for cantilever deflection in normal direction is
too low to detect the deflection due to the penetration of the
glass ball into microstructures of pitch dimensions of 5 pm and
25 pum (Table 4). Conclusions can be drawn on the interaction
between the glass sphere and the geometries of the other
microstructured surfaces due to the comparison of surface
roughness of the investigated surfaces (Table 5). Referring to

Table 4: Calculated indentation of the glass ball into the PGMS depending on their pitch dimension. The calculated values, which lay beyond the
spacial resolution of the system in normal direction (50 nm), are highlighted in bold.

PGMS -5 um

indentation depth [um] 0.002

PGMS - 25 um

0.039

PGMS - 50 um PGMS - 100 um

0.156 0.625

Table 5: Surface roughness (Rj) of all investigated polymer surfaces. A: pitch dimension. SD: standard deviation. For PGMS, the surface roughness
was measured perpendicular to the microstructure for each type of pitch dimension. In parallel direction to the PGMS microstructures, the roughness

was averaged over all pitch dimensions.

sample

periodic groove-like microstructure
periodic groove-like microstructure
periodic groove-like microstructure
periodic groove-like microstructure
periodic groove-like microstructure

i

U

randomly rough surface
randomly rough surface
randomly rough surface
randomly rough surface
randomly rough surface

§ snake-inspired microstructured surface

smooth surface

R4 + SD [um]
PGMS -A=5pum 0.18 £ 0.022
PGMS - A =25 ym 4.95 +0.369
PGMS - A =50 ym 21.75+0.262
PGMS - A =100 um 42.50 + 1.465
PGMS - on line 0.03 £ 0.005
RRS - 0.3 ym 0.23 £ 0.004
RRS -1 um 0.41£0.013
RRS - 3 um 1.11 +£0.106
RRS -9 um 2.39+£0.072
RRS - 12 ym 7.64 £0.127
SIMPS 0.10 £0.130
smooth surface 0.02 £ 0.007
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the threshold of detectable microstructure dimensions and the
corresponding roughness value, it can be concluded that the
interaction between the investigated surfaces (except for
PGMS - 50 pm and PGMS - 100 um) and the sphere is not
exclusively caused by a vertical interlocking due to indenting
into the microstructure.

Frictional measurements

The microtribological measurements on the rough polymer
surfaces (Figure 6) showed the lowest frictional coefficient
(0.192 £ 0.007) at a grain size of 9 um. Comparing this with the
one measured on the smooth polymer surface (0.318 +0.024), a
reduction in friction of about 40% was observed. The frictional
coefficients decreased from the highest value on the smooth
surface to the minimum at a specific grain size of 9 pym and
further increased at a grain size of 12 pm. All frictional coeffi-
cients differed significantly from each other, except between
surfaces with grain sizes of 0.3 um/1 pm, 1 pm/12 pm, and
3 um/9 um (Figure 6b).

The frictional measurements on the periodical groove-like
microstructure polymer surfaces (PGMS) were performed in
two perpendicular sliding directions. The measurements perpen-
dicular to the orientation of the microstructure with structural
wavelength dimensions of 25 pm, 50 um, and 100 um revealed
a lower frictional coefficient, if compared to the smooth

polymer surface. The coefficient, measured for a structural

b)

Beilstein J. Nanotechnol. 2014, 5, 1091-1103.

wavelength of 5 pm, was very similar to the one of the smooth
polymer surface. A minimum of friction was observed at a
wavelength dimension of 25 pm. In this case, the frictional
coefficient was 49% lower than that for the smooth surface
(Figure 7).

If it is compared to the smooth surface, a reduction in friction of
44% was observed when measuring parallel to microstructure of
the PGMS with a structural wavelength of 100 pm, but no
minimum of frictional coefficient was detected within the
parallel measurements (Figure 7). There was no statistically
significant difference between the surfaces with different wave-
lengths. An interlocking effect, like the one detected in perpen-
dicular direction, was not observed in parallel measurements.
Nevertheless, any type of microstructure provided a statisti-
cally significant reduction in frictional coefficient, if compared
with the smooth control surface (Figure 7b).

Frictional measurements on SIMPS showed anisotropic fric-
tional properties and a reduction of the frictional coefficient of
48% measured along the microstructures, if it is compared to
the smooth surface. There was significant difference between
frictional coefficients on the smooth surface and the measure-
ments against to the microstructure of the SIMPS and in the
lateral directions (Figure 8). A statistically significant
anisotropy was found between the measurement directions (i)

“along” versus “against” the microstructure and (ii) “along”

Smooth surface-

Rough surface - 0.3 pm-

Rough surface - 1 pm-

Rough surface - 3 pm-

Rough surface - 9 pm-

Rough surface - 12 pm+

Symbols indicate

i significant difference
L °
- )
B ° ° °
B ) [} °
- ) ° ° °

} ) L

&
¢ KON 4 oY 9
& R o & & & &
I S
& P S F ° xﬁo ° *oeo
FESIR SR R QP &S & @ &

Figure 6: a) Results of tribological characterization of microstructured polymer surfaces in contact with a smooth glass ball. Average frictional coeffi-
cients (u) and standard deviations are shown. Black column: smooth surface as reference. Gray columns: epoxy resin moulds of randomly rough
surface with different grain size (Ra: 0.3 pm, 1 ym, 3 ym, 9 um, and 12 pm). b) Multiple comparison graph of the results presented in a). Dots indicate

statistically significant differences between samples.
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Figure 7: a) Results of tribological measurements of PGMS with different wavelengths (A) in contact with a glass ball. The dimensions (structural
wavelengths) of microstructures are 5 ym, 25 ym, 50 pym, and 100 pum, respectively. To investigate the influence of the geometry of the microstruc-
ture on frictional properties, measurements were performed in two perpendicular sliding directions. Black column: smooth surface as reference. White
columns: sliding direction perpendicular to the groove pattern. Patterned columns: sliding direction parallel to the grooves. Average frictional coeffi-
cients (u) and standard deviations are shown. b) Multiple comparison graph of the results presented in a). Dots indicate statistically significant differ-

ences between samples.

a) u
0.35

0.30

0.257

0.204

0.159

0.104
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Symbols indicate
significant difference
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Figure 8: a) Results of tribological measurements of SIMPS in contact with a glass ball. Black column: smooth surface as reference. Hatched
columns: SIMPS. To investigate the influence of the anisotropic geometry of the microstructure on frictional properties, measurements were
performed in three different sliding directions. MS: microstructure. Average frictional coefficients (u) and standard deviations are shown. b) Multiple
comparison graph of the results presented in a). The dots indicate statistically significant differences between samples.
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versus “lateral” to the microstructure orientation (frictional
coefficient was reduced by 33% and 34%, respectively). All

results of frictional measurements are listed in Table 6.

Table 6: Frictional coefficients (mean values and standard deviations)
of all examined polymer surfaces. The arrows show the sliding direc-
tions of each individual measurement.

surface type frictional

P coefficient, p
smooth surface 0.318 + 0.024
randomly rough surface - 0.3 pm 0.284 +0.027
randomly rough surface - 1 ym 0.264 + 0.008
randomly rough surface - 3 ym 0.214 £ 0.011
randomly rough surface - 9 ym 0.192 + 0.007
randomly rough surface - 12 pm 0.250 + 0.013

V] SIMPS - along the
0 An microstructure 0.165+0.010
VU SI'MPS - against the 0.245 + 0,019
V] microstructure

VU] SIMPS - lateral to the
AUV microstructure 0.250+0.018
—
@ A=5pum 0.290 + 0.006
—
m A=25pum 0.167 + 0.008
—
@ A =50 um 0.181 + 0.006
—
@ A =100 pm 0.232 + 0.006
/M A=5pum 0.228 £+ 0.016
/M A=25pum 0.196 + 0.011
/M A =50 um 0.198 + 0.022
'/@ A=100 pm 0.172 + 0.024

Discussion

SIMPS with their anisotropic microstructure geometry exhib-
ited anisotropic frictional properties similar to those of the bio-
logical model [5,8,10,11]. Additionally, SIMPS demonstrated a
considerable reduction of the frictional coefficient, if compared
to the same polymer with smooth surface.

Different kinds of microstructured surfaces with isotropic and

anisotropic microstructure geometry of different dimensions

Beilstein J. Nanotechnol. 2014, 5, 1091-1103.

were examined to gain a deeper understanding of how fric-
tional properties are influenced by surface topography. The
results obtained can be explained by mechanical interactions
between surfaces at two scales: at a nano scale by the influence
of the real contact area, and at a micro scale by an interlocking
of the probe with the valleys of the structured counter surface.
These findings indicate that the dimension of the best friction
minimizing microstructure reduces the real contact area with the
tribo-pair as far as possible without enabling mechanical inter-
locking. Nevertheless, as Baum et al. [44] have shown, fric-
tional behaviour in respect to stick—slip behaviour is strongly
influenced by the dimension of surface microstructures even
when no mechanical interlocking occurs. One possible explan-
ation for this phenomenon is that the microornamentation
causes a critical stiction length, which leads to a periodical vari-
ation in real contact area between the tribo-pair causing friction-
induced vibrations. Baum et al. [44] investigated this effect by
fast Fourier transformation in detail and have shown that fric-
tional behaviour is strongly influenced by real contact area, the
possibility of mechanical interlocking, but beyond these para-
meters, also a critical stiction length due to microstructure
dimension is of importance. Furthermore Sondhauf} et al. [38]
investigated the influence of microstructures in a smaller
dimension on frictional properties. By using a friction force
microscope, they have shown that the macroscopic interlocking
of the probe tip and the surface microstructure leads to an
increase of the frictional coefficient in a dry sliding system.
This increase is caused by the interlocking, when the probe tip
leaves the valleys of the microstructure and “climbs up” its
edge. Hazel et al. [11] found a comparable situation for the skin
surface of snakes. Sondhaul} et al. [38] reported a 50% reduc-
tion in friction coefficient measured for the contact pair
sphere—microstructure, when interlocking was not possible. A
similar reduction in friction was also found in our experiments
for frictional measurements on PGMS in perpendicular direc-
tion to the microstructure at a dimension of 25 pm. Sondhauf} et
al. [38] and Baum et al. [44] concluded that the frictional
response is dominated by the geometry of the tribo-pair. Based
on these assumptions they stated that moderate modification of
surface roughness can improve the tribological performance of

meso scale contacts.

The influence of surface roughness and thereby the contact area
between the tribo-pair have been controversially discussed in
literature for a long period of time. Based on Amontons' fric-
tion law [36,37,39-41,45], it is stated, that friction is propor-
tional to the normal force and independent of contact area,
thereby the influence of the roughness of the friction is minor,
as long, as the roughness is low. This assumption can be
confirmed for macroscopic frictional contacts [36,37,39,41,45].

Later it was stated that the real contact area between a tribo-pair
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is formed by multi-asperity contacts that enable a molecular
interaction of the surface molecules and constitutes only a small
percentage of the macroscopic contact area [36,37,39,45,46].
These close contacts are called junctions and the sum of all
junctions forms the real contact area. This theory also explains
the correlation between frictional coefficient and applied normal
force, because an increase of normal force leads to an increase
of the area of each asperity in contact and thereby to an increase
of the molecular interaction between the surfaces. The degree to
which the real contact area is influence by the load force
depends strongly on material properties [41,46-48]. These prop-
erties are also affected by the surface geometry [49]. There are
numerous experimental studies on the roughness effect on fric-
tion of technical surfaces. Etsion [50] and Kovalchenko et al.
[51] investigated the role of the microstructuring with regular
circular holes in micrometer dimensions on friction and
concluded that artificial microstructuring of surfaces is a possi-
bility to enhance the control of frictional system behaviour.
They showed that a higher density of dimples lead to a stronger
abrasive wear on the tribo-pair. Nevertheless by such kind of
surface modification, they were able to reduce the frictional
coefficient. A comparison of these finding with the results of
our study is only possible in a limited way, because they used
for their investigation a different machinery type (pin-on-disk
friction machine), the micro dimples were much bigger than our
microstructures (diameter: 58—78 um) and they investigated a
lubricated system. The observation of the effect that a specific
surface roughness leads to the enhancement of the friction coef-
ficient is congruent with ours, nevertheless it is necessary to
notice that their ratio between spherical probe and line width
(sphere diameter: 2.3 pum and 7.9 um and line width: 0.5 pm to
3.5 um) is different from our sphere/line width ratio (sphere

diameter: 1 mm, line width: 5 pm to 100 um).

Marchetto et al. [52] reported a reduction of the frictional coef-
ficient measured perpendicular to linearly-grooved microstruc-
tured surfaces to about 36% in comparison to a smooth surface.
Frictional measurements in two different directions (parallel
and perpendicular to the line-grooved microstructure) showed
equivalent values, meaning there were no anisotropic frictional
properties. The reduction in friction is in accordance to our
findings, but it is necessary to mention, that the contact geom-
etry in Marchetto et al. [52] is different to our experimental
setup, because they used a cut-off AFM cantilever tip. One can
assume that a decrease in frictional coefficient is due to the
reduction of adhesive components of the frictional mechanisms
[51,52]. Another approach to explain the reduction in frictional
coefficient on many microstructured surfaces could be the
possibility of trapping of loose wear particles within the
microstructures and thereby the avoidance of further surface

ploughing by these wear particles [38,48,50,53].
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The gap between biologically and artificially microstructured
surfaces can be closed by interpreting the microstructure of the
SIMPS as lines and spaces, in which the lines are periodically
interrupted by the elevated tips (denticulations). The SIMPS
microstructure is based on shapes and dimensions of the
microornamentation of the biological model, the ventral scales
of the snake L. g. californiae. For the biological model, it was
previously assumed, that the caudal tips of denticulations are
elevated, so the snake can generate propulsion due to the inter-
locking of its microstructure with surface asperities. The results
of the study of the snake skin’s microstructure by using atomic
force microscopy (AFM) and confocal laser scanning
microscopy (CLSM) showed that the anisotropic geometry of
the surface structure is not dominated by the elevation of the
caudal tips of the denticulations as previously found on Boa
constrictor skin [11], but rather by depressions located cranially
between the denticulations [10]. The dimension of the
microstructure on the SIMPS is quite similar to those of the
ventral scales of the investigated snake species, but there is a
difference in topography: In SIMPS, the caudal tips are slightly

elevated, whereas in L. g. californiae they are not.

In the present study, SIMPS showed a similar level of frictional
anisotropy as the uncushioned snake skin [10], enforcing the
hypothesis that the snake-like surface microstructure contributes
to the frictional anisotropy. Previous studies have demonstrated
that frictional coefficients can be controlled by using different
kinds of microstructures on technical surfaces [38,50-52,54] the
specific geometry of the microstructure was investigated by
Wang et al. [55], Galda et al. [56], Yu et al. [S7], Prodanov et
al. [58], Gachot et al. [59] and Filippov and Gorb [60]. The role
of the specific geometry of the microstructure and its angle in
relation to the direction of sliding was in focus of Abdel-Aal
[61]. Anisotropic frictional properties, shown in the present
paper, can be explained by mechanical interlocking of multiple
micro asperities and by the variation of the contact area
depending on the angle of the microstructure. This statement is
strengthened by the following observation. The angle along the
microstructure is 25% smaller than in the opposite and 17%
smaller than in lateral direction. The frictional measurements on
SIMPS showed a similar distribution of the frictional coeffi-
cients measured along and against the microstructure, but not in
lateral direction compared to both other directions (Table 6).
Despite the fact that frictional anisotropy is not completely
congruent to the angle distribution, it can be derived,
that the slope of surface topography influences frictional prop-
erties, as proposed by, e.g., Abdel-Aal [61], Persson [36] and
Popov [37].

Our experiments reveal an influence of the surface roughness

on the friction of dry polymeric systems in contact with smooth
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surface: In general, we recorded lower values on rough
surfaces, if compared to the smooth reference surface. It can be
primarily explained by the lower real contact area between the
tribo-pair. The data on surfaces with different roughness show a
decrease of frictional coefficient with growing grain size until a
minimum friction is reached at 9 um. The observed effect of a
decreasing frictional coefficient, u, with increasing roughness is
reversed at 12 pm grain size presumably by another type of
tribo-pair interaction. While the decreasing part of the curve can
be explained by the reduction of the contact area of the tribo-
pair, the increasing part is rather due to the interlocking
between the sphere and large surface asperities. The indenta-
tion radius of the glass ball on the polymer surface was 3.5 um,
which should be sufficient for interlocking with a rough surface
having a grain size of 12 um and a roughness (R,) of 7.64 pm.
The interlocking effect is presumably rather strong here and
obviously reverses the friction minimizing effect due to the
decreased contact area of rough surfaces. These effects have
been described by various authors investigating frictional
behaviour of technical surfaces [38,52,54] or biological surfaces
[6,11].

In order to understand the influence of the periodic anisotropic
surface roughness, further frictional measurements on periodi-
cally groove-like microstructured polymer surfaces were
performed here. Frictional measurements perpendicular to the
periodical groove-like microstructure showed a maximal reduc-
tion of p to 49% at a structural wavelength of 25 um, if
compared to the smooth reference. The results obtained on
PGMS with a structural wavelength of 5 um were similar to
those on the smooth surface. We assume that frictional behav-
iour of the latter contact pair can be explained by the relatively
big real contact area. At A =25 pm, the contact area is presum-
ably much smaller than at A = 5 pm. Measurements on PGMS
with larger A (50 and 100 pm) showed an increase of the fric-
tional coefficient. Similar to the experiments on polymer
surfaces with different roughness (see above), these differences
in frictional behaviour result from the interplay between two
effects: (1) the decreasing of the real contact area at small A and
(2) the increasing of the mechanical interlocking between the
sphere and surface topography at large A (Figure 7).

Measurements in the direction parallel to the microstructure
excluded the possibility of interlocking and were dominated by
the real contact area effect, which was rather constant for
samples with different wavelengths. The data do not show
statistically significant differences of p with an increasing
wavelength. By comparing the results obtained in measure-
ments perpendicular and parallel to the PGMS, it is possible to
consider both physical phenomena which influence the friction

in a dry polymeric system: the real contact area and mechanical
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interlocking between the tribo-pair. By comparison of the
results obtained in both directions within the different wave-
length of microstructures, a significant difference was detected
only for A =5 pm. It can be deduced that interlocking with the
microstructure occurs, but its effect on frictional coefficient is
minor (no significant difference, but variations in absolute fric-
tional coefficient). In a comparable experimental setup, Yu and
Wang [57] investigated whether anisotropic frictional prop-
erties do change with topographic parameters, and, thereby,
whether the modification of microstructures is a way to modu-
late friction. They used groove-textured surfaces and performed
frictional measurement on two different combinations of sphere
and microstructure dimension. For the combination of a tung-
sten carbide sphere (diameter = 800 um) and a microstructured
silica surface (A = 278 nm) the frictional coefficient parallel to
the microstructure was higher, than in the perpendicular direc-
tion. The second investigated frictional pair was a steel ball
(diameter = 800 um) in contact with a microstructured tungsten
carbide surface (A = 220 pum). For this combination, the fric-
tional coefficients in both directions were similar, but in the
perpendicular direction they were slightly higher. Similar exper-
iments were done by Marchetto et al. [38], during which they
also observed the absence of anisotropy on periodically groove-
like microstructure, but the influence of different dimensions of
microstructures on this effect was not investigated.

Our above experiments have demonstrated dimensional effects
of microstructure on friction and strong effect of their shape.
There is a trend for the reduction of friction with increasing
dimensions of the microstructure until the interlocking effects
start to occur. It has been previously shown that the attachment
ability of insects [62-65] and geckos [66] is strongly dependent
on the surface roughness. Yu et al. [67] demonstrated that
surface roughness also strongly affects the performance of
gecko-inspired adhesives. All these authors have shown that
there is a critical roughness, on which the attachment ability
(both adhesion and friction) is strongly reduced. The inter-
locking effect, contributing to the friction increase, was
observed taking place at larger dimensions of the microstruc-
ture, as shown for frictional measurements perpendicular to the
PGMS with a structural wave length of both 50 um and
100 um.

A global comparison of all samples studied shows that minimal
frictional coefficients were obtained (1) perpendicular to the
PGMS with a structural wavelength of 25 um, (2) on a surface
grain size of 9 pm, (3) on SIMPS measured along the
microstructure and (4) parallel to the PGMS with a structural
wavelength of 100 um. What do these microstructured surfaces
have in common? Most of them (1)—(3) possess a meso scale

surface roughness, resulting in the best compromise between a
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reduction of the real contact area (and therefore reduction of
adhesion) and the prevention of the interlocking effect. The
only exception (4) was the measurement parallel to the PGMS
with a structural wavelength of 100 um, because here geomet-
rical interlocking was not possible. In this case, it would be
most interesting to investigate in the future, if a further mini-
mization of the frictional coefficient would be possible, if the
periodicity of the microstructures would be so wide that the
sphere would only be in contact in between two lines (some-
thing similar to the effect of micro rails).

We showed that the reduction of the real contact area leads to a
minimization of the frictional coefficient, but this possibility of
optimisation is limited by an interlocking of surface structures.
This conclusion is in accordance to Marchetto et al. [52] and
SondhauB et al. [38]. Because the frictional optimisation in a
dry sliding frictional system strongly depends on the dimension
and shape of surface asperities of the tribo-pair, an optimisation
of the frictional surfaces by surface texturing must be done indi-
vidually for each type of friction contact pair, as previously
proposed [50]. However, the present work provides some ideas
for the implementation of surface microstructures of particular
dimensions and shape for the reduction of friction of polymeric
systems. Additionally, we have clearly shown that the use of
inspiration from sliding biological tribosystems, such as snake
skin, may provide a short cut to development of novel tribologi-
cally optimised polymer surfaces. However, in long term exper-
iments, the geometry of the surface microstructure can undergo
some evolution due to abrasive wear, and therefore enhanced
frictional properties can change due to the degeneration of
surfaces [50,51]. However, the wear of the SIMPS was not in
the focus of this study, but should be done in future investi-

gations.

Experimental

Microstructured surfaces

Friction measurements were performed on four different types
of microstructured surfaces. The first type of surfaces (control)
originated from the mould of a smooth glass surface
(Figure 3a). The second type of surfaces originated from
moulds of polishing paper (FibrMet Discs, Buehler GmbH,
Diisseldorf, Germany) with different grain sizes (R,: 0.3 pum,
1 um, 3 pm, 9 pm, and 12 pm) (Figure 3b). The master for the
third type of surfaces was produced from zirconium oxide
surface microstructured by femtosecond laser ablation. Struc-
turing was performed with a commercially available amplified
Ti:Sapphire femtosecond laser system (Femtopower Compact
Pro, Femtolasers GmbH, Austria). The systems delivers sub-30-
fs pulses at a central wavelength of 800 nm with a pulse energy
of up to 1 mJ, and a repetition rate of 1 kHz. An x—y motorized

translation stage (Physik Instrumente GmbH, Germany) was
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used for sample positioning and translation. A computer
controlled LCD element was used for setting the laser pulse
energy. It features periodic groove-like microstructures (PGM)
with different structural wavelengths of 5 pm, 25 pm, 50 pm,
and 100 um (Figure 3c). The fourth type of surfaces was
inspired by the microornamentation of the ventral scales of the
snake L. g. californiae (snake-inspired microstructured polymer
surface, SIMPS) (Figure 3d). The masters were produced by the
Leonhard Kurz Group Stiftung & Co. (Fiirth, Germany) by
using e-beam greytone lithography with a negative photoresist.
Afterwards nickel copies were manufactured through an elec-
troplating process.

Replication of the microstructures was performed by using a
two-step moulding technique according to Gorb [35]. The
surface that ought to be replicated was used as a master and, in
the first step, was covered with fluid polyvinylsiloxane (PVS), a
two-component silicone, which polymerizes within minutes at
room temperature (Colténe President light body, Colténe
Whaledent Dentalvertriebs Ltd., Constance, Germany). The
obtained negative cast was filled out by Spurr’s low-viscosity
resin [68]. The polymerization of the resin took place overnight
at 70° C. The resin (Polysciences Inc., Eppelheim, Germany)
consists of nonenyl succinic anhydride (NSA) (61.3%), 3,4-
epoxycyclohexylmethyl-3,4-epoxycyclohexylcarboxylate (ERL
4221) (23.6%), diglycidyl ether of polypropyleneglycol (D.E.R.
736) (14.2%) and N,N-dimethylaminoethanol (DMAE) (0.9%).

Visualization

The microstructure of the obtained polymer surfaces were visu-
alized by means of a scanning electron microscope (SEM). The
SEM investigations were performed with a Hitachi S-4800
(Hitachi High-Technologies Corporation, Tokyo, Japan) at an
acceleration voltage of 2-3 kV and a Hitachi TM3000 (Hitachi
High-Technologies Corporation, Tokyo, Japan) at an accelera-
tion voltage of 5 kV. Prior to visualization, the material was
fixed to the aluminium stub with a carbon-bearing adhesive pad
and sputter-coated with a 20 nm thick gold-palladium (4:1)
layer by using a high vacuum sputter coater Leica EM SCD500
(Leica Microsystems GmbH, Wetzlar, Germany). Additionally,
for quick 3D surface observations a white-light interferometer
(New View 6000, ZygoLOT, Darmstadt, Germany) without the
sputter coating was used.

As described in [44], the detailed characterization of the surface
topography was performed by a NanoWizard® atomic force
microscope (JPK Instruments), mounted on an inverted light
microscope (Zeiss Axiovert 135, Carl Zeiss Microlmaging
GmbH). The SIMPS were imaged by using the intermittent
contact mode of the AFM. The error channel (also known as the

amplitude channel) visualizes the change in damping of the
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cantilever amplitude while scanning the surface. Only images
obtained with the error channel are shown, because this visual-
ization method is helpful to gain a more vivid imaging of the
surface topography. Scans were carried out at a 1 Hz scan rate
and a resolution of 1024 x 1024 pixels with an intermittent
contact mode cantilever (¢ = 50 N-m~!, NST-NCHF, Nascatec
GmbH, Stuttgart, Germany), at ambient conditions (room
temperature 24° C, relative humidity 41%). NanoWizard® SPM
software 3.3.23 (JPK Instruments) was used to obtain AFM
images and NanoWizard® image processing software 3.3.25
was applied to extract 3D surface profiles. The variables of
microstructured surfaces were measured from digital images by
means of the image analysis software SigmaScanPro 5.0 (SPSS
Inc., Chicago, USA).

Frictional measurements

Frictional coefficients, u, were defined according to the Amon-
tons' friction law: u = F/F, (Fg: tangential force; Fj,: normal
force). The experimental parameters of the frictional measure-
ments were chosen as described before [10], except for the
usage of a rough glass ball. The E-moduli of the polymerized
Spurr resin and the glass ball were 7 GPa and 70 GPa, respect-
ively [43]. The maximum contact area between the glass ball
and a smooth polymer under the given load was estimated
according to the Hertz model [42].

To characterise frictional properties of the SIMPS, the measure-
ments were performed in three different sliding directions:
along the anisotropic microstructure (i), against the anisotropic
microstructure (ii), and in the lateral direction, perpendicular to
both other directions (iii) (Figure 2). The frictional properties of
the periodic groove-like patterned surface (PGMS) were charac-
terised in two different directions only: parallel to the
microstructure (i) and perpendicular to the microstructure (ii)
(Figure 2b).

Individual measurements were repeated 15 times on each micro
patterned surface and on the smooth reference surface. The
other surfaces were tested five times each. Each measurement
was performed on a new area of the surface to minimize the
influence of abrasion. Obtained data were statistically analysed
with SigmaPlot 11.0 software (SPSS Inc., Chicago, USA).
Kruskal-Wallis one way ANOVAs followed by Holm—Sidak

tests with a significance level of p < 0.05 were performed.
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Abstract

Insects use either hairy or smooth adhesive pads to safely adhere to various kinds of surfaces. Although the two types of adhesive
pads are morphologically different, they both form contact with the substrate via a thin layer of adhesive fluid. To model adhesion
and friction forces generated by insect footpads often a simple “wet adhesion” model is used, in which two flat undeformable
substrates are separated by a continuous layer of fluid. This review summarizes the key physical and tribological principles that
determine the adhesion and friction in such a model. Interestingly, such a simple wet-adhesion model falls short in explaining
several features of insect adhesion. For example, it cannot predict the observed high static friction forces of the insects, which
enable them to cling to vertical smooth substrates without sliding. When taking a closer look at the “classic” attachment model, one
can see that it is based on several simplifications, such as rigid surfaces or continuous layers of Newtonian fluids. Recent experi-
ments show that these assumptions are not valid in many cases of insect adhesion. Future tribological models for insect adhesion
thus need to incorporate deformable adhesive pads, non-Newtonian properties of the adhesive fluid and/or partially “dry” or solid-
like contact between the pad and the substrate.

Review

How do insects adhere to surfaces?

More than 80% of the animal species in the world are arthro- ronments with a wide range of temperatures, humidities and
pods [1], and amongst them insects can be considered probably  substrates.

the evolutionarily most successful group. For hundreds of

millions of years they are inhabiting almost every part of the For a long time the ability of insects and other arthropods to

world, and different species have developed adaptations to envi-  effortlessly walk up and down all kinds of natural and artificial
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surfaces has fascinated scientists and the underlying mecha-
nisms have been debated since the early days of light
microscopy. From “gluten-filled sponges”, the interlocking of
fine hairs, suction cups and adhesive secretions, many
hypotheses about insect adhesion have been proposed over the
last two centuries [2-7].

In recent years more elaborate microscopes and better analyt-
ical tools have become available and the interest of biologists
and engineers in biological and biomimetic adhesives has
increased [8-13]. Imaging techniques such as atomic force
microscopy (AFM) and various different types of scanning elec-
tron microscopy (SEM) now allow biologists to analyse sensi-
tive biological samples on a nanometre scale. Nevertheless, the
detailed mechanisms allowing insects to safely adhere to
surfaces are still not fully understood.

In a previous paper we have discussed the general principles of
insect adhesion and highlighted recent advances and open ques-
tions [14]. This review will focus on summarizing the key phys-
ical principles that are thought to determine the attachment
forces. We will discuss in which aspects a commonly used
simple “wet adhesion” model is sufficient and, in particular, in
which it falls short in explaining the forces generated by the
adhesive pads of insects.

Beilstein J. Nanotechnol. 2014, 5, 1160-1166.

Hairy and smooth adhesive organs of insects
One of the most basic biological micro-scale structures for
mechanical interlocking to a substrate seems to be a claw.
However, the potential use of claws is limited to compliant
surfaces in which the claws can insert, or rough surfaces with
asperities larger than the diameter of the claw tip [15]. Hence,
to stick to smooth and stiff natural substrates, such as stones or
leaves, insects and other arthropods have to use adhesive pads
(Figure 1).

In general, the hairy adhesive pads on the feet of flies, beetles
and spiders are densely covered with dense arrays of flexible
setae (see Figure 1A) [16-22]. Although the setae of some
beetles branch towards the tip, they only end in a single
terminal element in most insects. These terminal elements can
vary in shape and size, even within one tarsus or between the
sexes of one species [23]. Recently it has been shown that in
beetles the setaec show a decreasing stiffness of the cuticle
towards the tip of the setae [24]. Similar “hairy” structures can
be found in many other biological adhesive pads such as lizards
and spiders [25], indicating a general “favourable” design [8].

Despite the large number of species, only two types of adhesive
systems have evolved in insects and other arthropods: “hairy”
(fibrillar) and “smooth” pads [26]. Both systems provide attach-

hairy pad

smooth pad

PR

Figure 1: Adhesive pad morphology of a male dock beetle (Gastrophysa viridula, A) and an Indian stick insect (Carausius morosus, D). Epi-illumina-
tion can be used to visualise the contact area of the adhesive pad in contact with glass (B, E). Arrows indicate distal direction. Subfigures C and F
show a schematic view of the close contact of the hairy and smooth pads to a rough substrate. Note that in both cases the contact zone is mediated
by an adhesive fluid (dark). Images A, B, D and E adapted with kind permission of [16]. Copyright (2008) The Company of Biologists Ltd. All scale

bars represent 100 ym.
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ment to rough and smooth surfaces by maximizing the contact
area and achieving close contact [27,28]. In contrast to the hairy
adhesives, smooth pads of insects increase the contact area by
adapting as a whole to the surface roughness (Figure 1F, [29-
32]). Smooth adhesive organs can be found in many insect
groups such as ants, bees, stick insects, grasshoppers, true bugs
and cockroaches. The larger number of insect groups with
smooth pads, compared to the smaller number of groups with
hairy pads, led to the suggestion that smooth pads probably
appeared earlier in insect evolution and represent a more
“basic” evolutionary adhesive structure [22]. In addition, the
structural diversity of the smooth pads in different insect orders
has lead to the suggestion that smooth adhesive pads have inde-
pendently evolved several times [27,33]. Recently it has been
shown that insects with smooth adhesive pads can also possess
hairy “friction pads” with special morphological adaptations
[34].

Despite their different morphology, hairy and smooth adhesive
pads of insects have in common that they both secrete an adhe-
sive fluid into the contact zone [14,16]. For the smooth pads of
stick-insects, cockroaches and ants it has been shown that this
adhesive fluid is a two-phasic microemulsion consisting of a
hydrophilic, volatile dispersive phase within a hydrophobic,
persistent continuous phase [30,35]. In hairy pads, with notably
smaller contact points of each seta (and thus an even more
complicated analysis of the foot secretion [36]), the detailed
chemical composition is still a subject of investigation.
Although it has been shown that the composition of the
lipophilic phase of the secretion is similar to the composition of
the cuticular hydrocarbon layer [37].

To understand the physical principles that enable the attach-
ment of such fluid-mediated insect foot pads onto various
substrates, one has to start with a simple model. In general, the
fluid-mediated smooth and hairy adhesive organs of insects
have to generate both adhesion forces perpendicular to the sub-
strate and friction forces parallel to the substrate. The tribolog-
ical models for both “types” of attachment forces will be
considered separately in the following.

Fluid-mediated adhesion

For simplicity, the contact zones of both smooth and hairy
adhesive pads are often modeled by using a “wet-adhesion
model” consisting of a smooth, undeformable disk and sub-
strate with a mediating continuous fluid-layer (see Figure 2 and
[30,38-42]).

In this simple model, the total adhesive force is basically the
sum of three components: the surface tension of the fluid, the

Laplace pressure (both often combined as “capillary forces”)

Beilstein J. Nanotechnol. 2014, 5, 1160-1166.

total

‘ circular disk ’

D

_ )
fluid h
J

///5/‘%5/ %

Figure 2: Schematic illustration of a simple fluid-mediated attachment
model. The contact of a circular rigid disk (radius R) and a plane rigid
surface is mediated by a thin fluid layer (height h). The contact angle of
the fluid to the surface and the disk 8 is assumed to be identical in this
case.

and the viscous forces, often called “Stefan adhesion” [43,44]
(see below in Table 1).

F, + F

adh = \Fsurface tension T Fy Laplace pressure, viscous forces

M

. 4
capillary forces

Based on a few assumptions and further simplifications (such as
equal contact angles 0 of the mediating fluid layer to the surface
and the disk), the adhesive forces generated by such a “wet

adhesion” model in Equation 1 can be estimated by using

Fan= 2mpR by 29080 Lga, dhimn pa
. h R dt 2p3 )
surface tension  \ \ J

A4 .
Laplace pressure viscous forces

By using a few experimentally accessible parameters such as
mediating fluid height, viscosity, and contact angle (for a more
detailed review on the challenges on measuring these parame-
ters see [14]), this model can then be used to discuss and quali-
tatively predict a few characteristic “features” of insect adhe-
sion (see Table 1). For example, looking only at the Laplace
term in Equation 2

h R

2cos0 1 j’Rz 3

F Laplace = m[

one can predict that an increasing fluid height /# between adhe-
sive pad and surface would result in decreasing capillary adhe-
sive forces. As a consequence, insects and all organisms with
fluid-mediated attachment organs should minimize the secre-
tion of adhesive fluid into the contact area to increase capillary

adhesion on smooth surfaces.
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However, and this is where the simple “wet adhesion model”
starts to fall short when used to model insect attachment, only
very few natural surfaces are actually smooth. Experimental
studies indeed show that the adhesive fluid actually plays a
more important role in increasing adhesion on rough surfaces
by filling gaps between the pad and the surface, thereby maxi-
mizing contact area and adhesion to rough substrates [45,46].
This has been shown by studies in which adhesive fluid was
either experimentally accumulated or depleted. In smooth and
hairy adhesive systems an additional fluid volume decreased
friction and adhesive forces on smooth surfaces, as predicted by
the simple model. When forces were measured on rough
surfaces however, accumulating adhesive fluid increased adhe-
sion, as the additional fluid compensated the surface roughness
and thus increased the effective contact area [16,46]. In addi-
tion, the presence of adhesive fluid has been shown to improve
the self-cleaning of the adhesive pads in comparison to dry
adhesive pads [47,48].

Besides the “smooth vs rough” limitation, the simple model also
bears several additional notable problems, in particular in light
of the stiffness and deformability of the adhesive pads. For
example, the capillary term in Equation 2 is only valid in the
case of rigid, stiff surfaces in contact. In the case of insect (and
tree frog) attachment, with very smooth and adaptable pads
[49,50], it is very questionable whether this assumption is justi-
fied. In fact, recent and more comprehensive tribological
models show that for certain ratios of adhesive pad size and
stiffness, the Young’s modulus of the adhesive pad can play an
important role in determining the capillary adhesion [51,52]. In
these models the overall capillary force is taken as the sum of
the capillary attraction and the counter-acting elastic repulsion
of the deformed pad/substrate (which depends on the elastic

Beilstein J. Nanotechnol. 2014, 5, 1160-1166.

modulus). In simple terms, a softer adhesive pad/substrate (with
a lower elasticity) deforms more easily at a given external force,
resulting in a larger contact area. This larger contact area again
increases the radius of the mediating meniscus of the liquid (the
liquid is pressed towards the outside of the pad), which then
increases the capillary force. This extended capillary model
might add an explanation why some insects (and tree frogs)
have soft toe pads [51].

It should also be noted that in particular in the context of insect
adhesion the mechanics described by the third viscous forces, or
“Stefan adhesion” term, are a rather substantial simplification of
the processes determining the viscous adhesion between the
adhesive pad and the substrate. The mechanism proposed by
Stefan also assumes undeformable surfaces and uniform
centripetal flow of the mediating fluid [53]. Both assumptions
are very likely to be violated in the case of the very compliant
smooth insect adhesive pads on micro-rough substrates [26,54].
Hence, in this context the term “Stefan adhesion” should only
be used with great care. Also, it is important to note that
according to the model, the forces generated by the viscous
properties of the mediating fluid volume should decline over
time. In a static adhesive pad with a Newtonian fluid, only the
(negligible) surface tension and the small Laplace pressure
would thus determine the overall adhesive force of the insect
foot (Table 1).

Fluid-mediated friction forces

In a fluid mediated system with a continuous Newtonian fluid
film, the friction forces between the substrates can in general be
described by using two basic principles: the surface tension of
the mediating fluid and the laws of hydrodynamic lubrication
[55,56].

Table 1: Summary of physical principles often used to model the attachment forces generated by the adhesive feet of insects. However, based on this
simple model (besides other limitations discussed in detail in the text), insects should not be able to generate sufficient static friction forces to prevent

slipping.
adhesion

factor “surface tension” “Laplace pressure”
contact area x x

fluid height — x

contact angle x x

surface tension x x

Viscosity — —

dynamics — —

fluid-based attachment

friction
. “ _— hydrodynamic
viscous force surface tension 3
lubrication

X X x

X —_ X

— X [—

X —_ X

change of fluid

height — sliding velocity
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Surface tension

The contribution of the surface tension of the mediating fluid to
friction forces can be estimated by using a simple model of a
mercury thread moving through a glass tube [55]. For a simpli-
fied model with a circular contact area with radius r, and o,; and
oy as the leading and trailing edge contact angles [57], the
retentive “friction” force F acting on the mercury can be
described by using

F =21y quid (cos 0l —COS Ly ) 4)

However, the contribution of surface tension towards the gener-
ation of friction forces is very limited. Looking at the adhesive
fluid secreted by the Indian stick insect Carausius morosus with
an estimated surface tension of 27 mNm ™! [58] and a contact
area of 0.1 mm? [16], the maximal possible shear stress before
sliding occurs (with cos a; — cos 0y < 2) would be only approx.
0.38 kPa. This value (and the corresponding value for smaller
contact areas) is several orders of magnitude smaller than the
shear stresses measured in smooth adhesive pads of the stick
insects, cockroaches and ants [16,46,57,59]. Surface tension
alone is thus unlikely to explain the high friction forces gener-
ated by the adhesive pads of insects.

Hydrodynamic or boundary lubrication?

Similar to the viscous forces in adhesion, the “hydrodynamic
lubrication” friction model takes into account the viscosity of
the mediating fluid layer. Two parallel smooth surfaces with a
distance of 4 sliding at a velocity v relative to each other
generate the friction force

v
Fy = neffA; 5)

where 7. is the effective viscosity of the mediating fluid layer
and 4 the size of the contact area. Again, similar to the time-
dependent viscous adhesion (Equation 2), the v/A-term in Equa-
tion 5 shows that a simple fluid mediated system at rest should
not be able to generate any static friction. Based on viscosity
estimations from dewetting processes (40 to 150 mPa), Federle
et al. showed that the hydrodynamic friction forces generated by
a continuous fluid film of 90 nm height would be one order of
magnitude smaller than the shear stresses observed in adhesive
organs [30]. Thus it is not yet clear how insects with a fluid-
mediated adhesive pad generate the observed friction forces
preventing them from sliding down smooth vertical substrates.
As a quick look at the nearest window pane can confirm, insects
can actually safely adhere to smooth vertical substrates. This
indicates that a simple “continuous” and Newtonian fluid-layer

model is not a valid model for the friction forces of insect pads

Beilstein J. Nanotechnol. 2014, 5, 1160-1166.

[57]. Indeed, experimental results suggest that thixotropic
(shear-thinning) non-Newtonian properties of the secretion

could explain the presence of high static friction forces [46,60].

A second, yet to be tested, hypothesis to explain the observed
high friction forces is the formation of local “dry” rubber like
direct contacts between the adhesive pad and the substrate [61].
The classic hydrodynamic model only describes the friction
observed with relatively “thick” layers of lubricant (0.5 pm,
[62]), where neither the specific surface properties (roughness,
surface energy) nor Amonton’s law are involved [63]. Friction
forces generated by fluid layers thinner than 5 to 10 molecular
layers are usually modeled by using the more complex
boundary lubrication theory, in which a decreasing film height
and increasing number and area of direct contacts between the
two substrates actually increase the friction coefficient
[56,64,65]. The range between the hydrodynamic model and the
boundary lubrication model, in which the mediating fluid layer
is still lubricating the contact, however allows a weak inter-
action between the surfaces, is mostly referred to as elasto-
hydrodynamic lubrication (Figure 3 and [66,67]). Within this
range, the mediating fluid film can become unstable and areas
with “dry” solid-like contact can form as a result of local
“dewetting” and increased friction forces. Indeed, a similar
mechanism has been proposed for the fluid-mediated adhesive
toes found in tree frogs, for which force measurements and
interference reflection microscopy results indicate that
boundary friction might be responsible for the friction [49,68].
However, although first results indicate that the mediating fluid
layer in insect pads might be thinner than previous estimates

Transition region

ol

boundary
lubrication

friction coefficient y

Hydrodynamic lubrication

\ 4

viscosity x speed x load”

Figure 3: Regions of hydrodynamic and boundary lubrication of two
fluid mediated smooth surfaces (Stribeck curve). With decreasing
sliding velocity and increasing load the mediating fluid film becomes
thinner, allowing regions of direct contact between the two surfaces.
Within the transition region the friction coefficient rapidly increases,
usually to a value smaller than unlubricated surfaces. This region is
also referred to as elasto-hydrodynamic lubrication. It is not yet fully
understood in which of the two “regions” the adhesive organs of
insects operate.
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[69], so far there is no experimental evidence for the occur-
rence of dewetting or direct contacts between adhesive pad and
surface in smooth or hairy adhesive organs of insects
[14,30,31,46].

Conclusion

Even after many years of research, several of the fundamental
physical properties enabling insects to safely adhere to surfaces
are still not fully understood. Although simple fluid-mediated
models based on capillary and viscosity are still often used to
estimate the attachment forces generated by insect feet, newer
experimental data and more comprehensive tribological models
suggest that many aspects of these classic “microscopic” attach-
ment models fall short in fully explaining the forces generated

by the fluid-mediated adhesive pads of insects.

To fully understand the physical principles of insect adhesion,
one thus has to extend (or even replace) the “classic” models of
friction and adhesion to incorporate for example deformable
pads or non-Newtonian properties of the adhesive fluid. In par-
ticular in respect to friction forces one has also take into
account possible more complex nano-tribological models, with
boundary lubrication or other mechanisms resulting in points of
“dry” contact between the pad and the surface.

Further fundamental experimental work, in particular a more
accurate in vivo measurement of the height of the mediating
fluid and high-resolution single-leg force measurements on
smooth substrates with well known physical properties are
required to answer these questions [14].
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Many cellular processes, such as migration, proliferation, wound healing and tumor progression are based on cell adhesion.

Amongst different cell adhesion molecules, the integrin receptors play a very significant role. Over the past decades the function

and signalling of various such integrins have been studied by incorporating the proteins into lipid membranes. These proteolipid

structures lay the foundation for the development of artificial cells, which are able to adhere to substrates. To build biomimetic

models for studying cell shape and spreading, actin networks can be incorporated into lipid vesicles, too. We here review the mech-

anisms of integrin-mediated cell adhesion and recent advances in the field of minimal cells towards synthetic adhesion. We focus

on reconstituting integrins into lipid structures for mimicking cell adhesion and on the incorporation of actin networks and talin into

model cells.

Review

Introduction

Since Hooke first described a biological cell in 1665 tremen-
dous progress has been made in understanding the basic func-
tions of living cells including signalling pathways, gene regula-

tion and the molecular structure of cellular components.

However, with each new discovery it becomes clearer that cells
are very complex, active systems with many parts interlinked to

each other. This complexity makes it very difficult to selec-

tively study a single aspect of natural cells. In recent years,
minimal cells with reduced molecular complexity have gained
increasing importance as model systems for living cells. Such
synthetic cells often consist of lipid vesicles with various incor-
porated proteins, which are used to study biochemical reactions
and self-assembly processes in a controlled environment with

reduced molecular complexity [1,2]. We here review previous
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advances in the development of model cells with reconstituted
integrin and incorporated actin networks. We also report on the
fundamental mechanisms of integrin-mediated cell adhesion

and the interaction of talin with lipid vesicles.

1. The role of integrins in cell adhesion

Cellular adhesion is an important mechanism, which enables
cells to bind to the extracellular matrix and to surrounding cells.
This process is crucial in regulating cell shape and for main-
taining cell viability, migration, and tissue integrity [3].
Cell—cell and cell-substrate adhesion are mediated by different
proteins, the cell adhesion molecules (CAMs). A very impor-
tant group of CAMs is the integrin family, which functions both
as cell-substrate and cell-cell adhesion receptors [4]. All
connective tissues are supported by an extracellular protein
structure, the extracellular matrix (ECM). For the first time, in
1986 an integrin was reported to link the intracellular
cytoskeleton with the ECM. The name “integrins” was given to
these receptors to denote their integral membrane nature and
importance for the integrity of the cytoskeleton—ECM linkage
[5]. Integrins are heterodimeric transmembrane glycoproteins
consisting of noncovalently associated a and 3 subunits. In
humans 24 different aff permutations of such heterodimers
exist, each of which can bind to a wide variety of specific
ligands in the ECM [6-8]. Integrins contain short cytoplasmic
tails and large extracellular domains, which enable the bi-direc-
tional transmission of forces across the plasma membrane [9].
Besides their anchorage function, integrins also provide spatial
information on the environment and the adhesive state of the
cell by transmitting chemical signals into the cytoplasm [10,11].
In addition to this outside-in signalling process integrins can
undergo conformational changes, which are called inside-out
activation. These changes are primarily induced by talin, a
major actin-binding protein, which binds to the cytoplasmic B
tails of integrins, thus activating the molecule (Figure 1). When
integrin is present in its activated state it shows a higher affinity
for ligands on the extracellular side of the cell membrane [12-
15]. Many of these protein ligands in the ECM, for instance
fibronectin, vitronectin, fibrinogen or laminin, contain the
tripeptide sequence arginine-glycine-aspartic acid (RGD),
which is specifically recognised by most integrins [3,7,8]. The
affinity as well as the specificity of integrins to bind to their
ligands in the ECM can also be increased by the presence of

divalent ions such as manganese or calcium [16].

Cellular adhesion strength is mostly controlled by the intermol-
ecular spacing of the adhesion receptors rather than by their
density [17]. This result was obtained from different studies
using highly ordered gold nanoparticles, which were function-
alised with RGD peptides. The adhesive gold nanoparticles had
a diameter below 8 nm, which allowed the binding of one inte-
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Figure 1: Schematic view of active integrin molecules linking the ECM
to the actin cytoskeleton. The heads of the integrin molecules attach
directly to their ligand molecules in the ECM; the intracellular tail of
integrin binds to proteins like talin and FAK. On the intracellular side,
active talin dimers also bind to filamentous actin. Other proteins like
FAK form an indirect linkage to the actin cortex together with further
cytoplasmic proteins. These intracellular anchor proteins, which
include vinculin and a-actinin, help to regulate and reinforce the
actin—integrin linkage.

grin molecule per RGD-functionalised nanoparticle [18]. If the
distance between adjacent integrin-binding gold nanoparticles
was less than 70 nm, cell adhesion was found to be reinforced
[17]. With nanoparticle spacings above 90 nm, focal contact
formation and cell spreading were inhibited [19]. For a large
variety of cells a universal length scale of 58 to 73 nm was
found, which provided integrin clustering and activation, hence
leading to effective cell adhesion [18]. These results showed
that integrin signalling enables cells to amplify small environ-
mental differences in adhesive cues to large differences in adhe-
sion strength.

As the cortical cytoskeleton of all cells is formed by the
assembly of actin microfilaments, their linkage to adhesion-
mediating proteins like integrin is important for cell shape and
migration. The actin-based motility of cells is driven by myosin,
a molecular motor, which converts chemical energy in the form
of ATP to mechanical energy, thus generating force and move-
ment [20]. When integrins have created a cell-ECM contact
they cluster and recruit the cytoplasmic protein focal adhesion
kinase (FAK), which generates stable anchoring cell-matrix
junctions, the focal adhesions. These adhesion sites are crucial
for the cytoskeleton, environmental sensing and cellular
motility [6,21,22]. Besides talin, several other proteins
including vinculin and o-actinin are well known to form inte-
grin—actin linkages [23]. To date, the signalling network of

potential integrin—actin linkages contains 156 components and
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690 interactions, which have been summarised in a functional

atlas of the integrin adhesome (http://www.adhesome.org) by

Geiger and co-workers [24,25].

Further fundamental roles of integrin molecules in signalling
and other cellular functions have been studied by using various
knockdown animal models [7,26-28]. Studies on the molecular
structure of integrins over the past 28 years have revealed that
these adhesion molecules do not only have a vital function in
cell health. They also contribute to the progression of many
diseases, in which cell adhesion and migration are impaired due
to alterations in the expression of integrins and their function-
ality. To date, integrins have already been identified as key
factors in inflammation, thrombosis, cancer, fibrosis, autoim-
mune disorders, and infectious diseases [29-31]. These discov-
eries have brought integrins into the focus of pharmacological
research for the development of anti-integrin drugs. At least
three different integrins have been identified as therapeutic
targets, and around 260 anti-integrin drugs have already entered
clinical trials to date [30].

Lipid vesicles with incorporated integrin are a valuable model
system to study the complex processes involved in cell adhe-
sion with reduced molecular complexity. Talin is important for
the activation of integrin and also creates a stable linkage
between integrin and the cytoskeletal protein actin. Hence, these
three proteins are important candidates to be incorporated into

minimal cells, which mimic cell adhesion and shape.

2. Integrin reconstitution into lipid membranes
Membrane proteins and their specific impact on cell adhesion
can be difficult to study in their natural environment due to the
complexity of native cell membranes and interfering interac-
tions with other membrane components and the cellular envi-
ronment [32]. Over the past years, research on cell adhesion
mechanisms has strongly benefited from the possibility to
isolate membrane proteins, such as integrin, from cells and to
embed them into lipid structures ranging from planar bilayers
and small liposomes to giant unilamellar vesicles. This proce-
dure has enabled studies on the functional properties of
membrane proteins in a defined environment with reduced
molecular complexity. We here review recent advances on inte-
grin reconstitution in lipid structures and the significance of
these model systems for understanding integrin-mediated cell

adhesion.

2.1 Integrin incorporation into small lipid vesicles
and planar bilayers

The successful reconstitution of functional integrins into small
phospholipid vesicles was first achieved in 1985 by Parise et al.
They worked with integrin ayp,p3, which they purified from

Beilstein J. Nanotechnol. 2014, 5, 1193—-1202.

blood platelets [33,34]. This transmembrane glycoprotein is a
major receptor of the platelet plasma membrane, which is
required for platelet aggregation and has been well charac-
terised. The liposomes, into which the integrins were incorpo-
rated, had diameters of 40 = 8 nm and can be characterised as
small liposomes. Integrin reconstitution was carried out by a
detergent-dialysis method. During reconstitution the purified
integrins were solubilized in octyl glucoside and added to
different nitrogen dried phospholipids. Afterwards, the
protein—lipid mixture was dialysed against a 1000 fold excess of
the integrin buffer without octyl glucoside [34]. This procedure
yielded proteoliposomes with functional integrin for the first
time, as it was confirmed by specific binding to fibrinogen [33].

Triton X-100 is another detergent that is widely used for the
reconstitution of numerous membrane proteins into liposomes
since the 1980s [32,35,36]. This detergent has the tendency to
form large micelles, which cannot be removed by dialysis. An
efficient way of removing Triton X-100 is to use non-polar Bio-
Beads, which are macroporous divinylbenzene cross-linked
polystyrene beads. Detergents adsorb to these porous beads by
hydrophobic bonds and can be removed from the protein solu-
tion in this way [37,38]. Miiller and co-workers were the first to
use this detergent removal method for reconstituting integrin
aypP3 from blood platelets and o from chicken gizzard into
lipid vesicles. Successful integrin incorporation into liposomes
of 100 to 200 nm in diameter was confirmed by negative
staining in cryoelectron microscopy (Figure 2). Proteolipo-
somes with integrin ayy,B3 were also used to form planar lipid
bilayers by vesicle fusion. With these planar integrin—lipid
bilayers Miiller et al. provided evidence that the binding of inte-
grin oypP3 to fibrinogen is a biphasic process consisting of a re-

versible first and a second irreversible step [39].

Figure 2: Cryoelectron micrographs of negatively stained DMPG/
DMPC vesicles containing integrin oy pB83. Negatively stained vesicles
with (A) high and (B) low surface density of integrin ay,B3. The scale
bar represents 100 nm. (Reprinted with permission from [40]. Copy-
right (1997) American Chemical Society.)

Erb and Engel later showed by cryoelectron and fluorescence
microscopy that activated integrin ay,P3 reconstituted into lipo-
somes and planar bilayers was present in a nonclustered state

and was equally distributed within the membrane. When
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fibrinogen was bound to the proteolipid structures the integrins
became immobile and transformed into clusters, thus passing
into the previously observed irreversibly bound state [40].
Detailed protocols for the reconstitution of functional integrin
into liposomes and planar bilayers of Erb and Engel have been
summarised later together with several methods to analyse
proteoliposome formation [41]. Recently, the activation of inte-
grin oypP3 reconstituted into liposomes was also studied by
cryoelectron tomography [42]. With this technique it was
possible to show that integrin activation with Mn" does not
result in a height change of the integrin molecule. This observa-
tion was not as predicted by the switchblade model and is more
consistent with the deadbolt model.

Goennenwein et al. reconstituted integrin oypf3 into supported
lipid bilayers to measure their adhesion force against RGD-
peptide carrying giant vesicles. With this setup a simple and
powerful tool was found to quantify the binding energy of
different integrin—ligand pairs under bioanalogue conditions
[43]. This system was developed further to facilitate the
mobility of the integrin receptors within the supported lipid
bilayer. Thus, it was shown that integrin mobility controls the
force-induced growth of cell adhesion domains, which play an
important role in mechanosensing of living cells [44].

In a study by Sinner et al. the integrins ayf3 and a;B; were
incorporated into planar lipid membranes, which were obtained
by vesicle spreading. With surface plasmon-enhanced fluores-
cence spectroscopy and surface plasmon spectroscopy the struc-
tural and functional integrity of the embedded receptors could
be confirmed over a time period of three days [45]. In binding
experiments with various ECM ligands hardly any nonspecific
binding was observed. Furthermore, Sinner and co-workers
succeeded in regenerating the binding capacity of the artificial
membranes by dissociating the integrin—-ECM ligand complexes
with ethylenediaminetetraacetate (EDTA). They concluded that
integrin-functionalised membranes are well qualified as sensing
devices for the detection of sensible ligand—receptor interac-

tions.

2.2 Giant unilamellar vesicles with reconstituted
membrane proteins

A model system that is much closer to natural cells than planar
lipid membranes and small liposomes are giant unilamellar
vesicles (GUVs). GUVs have diameters of 1 to 100 um and
enclose an aqueous medium. Their shell consists of only one
lipid bilayer, like the membrane of natural cells. With these
attributes GUVs have gained increasing importance as bottom-
up model systems in synthetic biology over the past years.
GUVs can be used to study cellular functions and the interplay

between various proteins, which are incorporated in the lipid
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structures [1,2]. Other attempts in synthetic biology aim at
building artificial cell systems from polymersomes. Although
protocells prepared from polymer membranes have a higher
stability than lipid vesicles they lack biorelevance. Furthermore,
polymer membranes are much thicker than lipid bilayers, which
are only 4 nm thick [46]. For the preparation of GUVs several
methods exist, amongst which are electroformation on plat-
inum wires or indium tin oxide (ITO) electrodes as well as
spontaneous swelling. The specifics of GUVs, their detailed
preparation methods and wide ranging applications are
reviewed by P. Walde et al. [47].

Several membrane proteins have already been incorporated into
GUVs over the past years. Girard and co-workers first reconsti-
tuted Ca2*-ATPase from the sarcoplasmic reticulum and the H*
pump bacteriorhodopsin into liposomes of 0.1 to 0.2 um in size
[48]. The liposomes were partially dried; the subsequent elec-
troformation process on ITO yielded protein-GUVs with diame-
ters between 5 and 100 um. Both membrane proteins were
homogeneously incorporated in the membranes and bio-
logically active as demonstrated by Ca2* or H' pumping. Func-
tionally active aquaporins have also been embedded into GUV
membranes either by mixing protein-reconstituted liposomes of
0.1 to 0.2 um diameter with a lipid-containing oil phase (lipid
cosolvent method) [49] or by swelling of a tissue-like giant
vesicle film [50]. For the first time, Dezi et al. recently incorpo-
rated different transmembrane proteins like bacteriorhodopsin
and the ferrichrome transport protein FhuA into GUVs with
lipid mixtures representative of cellular plasma membranes
[51]. Reconstitution was either performed with proteins solu-
bilised in detergent micelles, with proteoliposomes or purified
native membranes. This method proved to be highly versatile
and can in future be applied to a large range of other transmem-

brane proteins, such as integrins.

Despite the large variety of complex membrane proteins, which
have already been incorporated into GUVs, such as functional
ion channels [52,53], the only existing work of integrin recon-
stitution in GUVs to date was published in 2008. Streicher et al.
developed a novel biomimetic system based on giant vesicles
that mimicked the first steps of integrin-mediated cell adhesion
[54]. GUVs were produced from small liposomes by electrofor-
mation and had a diameter of 20 to 40 pm. The successful
incorporation of partly fluorescently labelled integrin oypB3 into
the GUVs was confirmed by confocal microscopy. Binding
experiments of integrin-GUVs on surfaces and quantum dots
coated with RGD ligands revealed that the incorporated inte-
grins were biologically active. In reflection interference contrast
microscopy (RICM) experiments (Figure 3) it was observed that
integrin-GUVs adhered to fibrinogen surfaces in a two-step

spreading process without any enrichment of integrins in the
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Figure 3: GUVs containing integrins interacting with a fibrinogen-coated substrate: (A) adhesion is detected with RICM (black patch), (B) Scheme of
the minimal cell system. The scale bar represents 10 pm (Reprinted with permission from [54]. Copyright (2009) Elsevier Ltd.)

adhesive patches. From these observations Streicher et al.
concluded that the role of the actin cytoskeleton in natural cells
is to stabilise more integrins in the adhesion zones to form focal
adhesion spots by recruiting FAK and other cytoplasmic
proteins.

3. Biomimetic actin cortices in lipid vesicles

Due to the importance of actin in cell adhesion several studies
have already been presented on the incorporation of this protein
into liposomes and GUVs to build a biomimetic system that
mimics cell adhesion, the formation of a cytoskeleton and
spontaneous motion. The first study towards such a synthetic
cell model was already performed in 1989 by Cortese et al.
They encapsulated actin filaments and actin-binding proteins,
such as filamin, into GUVs of 20 um diameter. K* ions were
introduced into the vesicles by ionophores, thus triggering actin
polymerisation. This polymerisation process was observed to
induce morphological changes of the initially spherical vesicles
towards irregular, asymmetric shapes [55]. Sackmann and
co-workers later studied GUVs with enclosed actin networks,
which were formed by spontaneous swelling in a buffer
containing actin monomers. They also observed shape transi-
tions in these model cells following actin polymerisation, but
osmotic effects due to the addition of MgCl, were also found to
account for these changes [56]. In a subsequent study, self-
assembly of thin actin shells beneath the lipid membranes of
GUVs was accomplished. Buckling and blister formation of the
composite actin—lipid shells were observed, which are typical
shape changes in natural cell membranes, too [57]. The binding
of actin filaments to positively charged lipid monolayers was
further investigated by film balance in combination with
neutron reflectivity. Filamentous actin adsorbed well to lipid

membranes, whereas no binding was detected for monomeric

actin. In dependence of the salt concentration and surface
charge density of the lipid monolayer the adsorbed, filamentous
actin film had a thickness between 69 and 84 A [58].

When self-assembled actin networks were encaged in electro-
formed GUVs, different actin cortex structures were obtained in
dependence of the GUV size: for vesicle diameters smaller than
the persistence length of actin (< 15 um) a fuzzy cortex formed
while larger vesicles yielded a homogeneous network as
confirmed by magnetic tweezers [59]. With actin cortices in
GUVs, which were cross-linked by a-actinin and filamin,
randomly linked networks were observed at 25 °C. For tempera-
tures below 15 °C a transformation into spiderweblike or ring-
like networks was observed (Figure 4) [60]. This polymor-
phism was also found to depend on the vesicle size.

Figure 4: Dependence of actin/a-actinin network structures on the
vesicle size. The 3D reconstructions of networks by confocal fluores-
cence microscopy (at a temperature of 4 °C). (A) Examples of rings
obtained in vesicles of diameter d < 12 ym. (B) Spiderweblike
networks formed in vesicles with diameter d > 12 ym (Reprinted with
permission from [60]. Copyright (2002) American Physical Society.)

Pautot et al. developed an inverted emulsion technique, which
assembles two independently formed lipid monolayers into
unilamellar vesicles with a high yield [61]. By using this
droplet transfer” approach, actin could be efficiently encapsu-

1197



lated in unilamellar vesicles with sizes ranging from 100 nm to
1 um. Actin polymerisation was induced by the addition of
magnesium, and the polymerisation kinetics were unaffected by
the encapsulation. Later, inverted emulsion was used to poly-
merise actin at the inner membrane of larger vesicles with sizes
between 1 and 8 um. This approach preserved the integrity of
actin, and polymerisation was triggered by ATP and high salt
concentrations [62]. When a continuous actin shell formed at
the inner lipid membrane the spreading behaviour of these
proteoliposomes on histidine-coated glass slides was reminis-
cent of a natural cell. The mechanical properties of the actin
containing vesicles were found to be mainly governed by the
density of the cortical shell [63]. Recently, the droplet transfer
technique was extended further to encapsulate filaments of
bacterial cytoskeletal proteins, such as MreB and FtsZ, into
liposomes [64,65]. Compared to other vesicle preparation tech-
niques, this approach offers a high encapsulation efficiency and
good control over protein entrapment without a loss of activity
[47].

Later, dynamic, branched actin networks were reconstituted on
the outside of GUVs by Liu et al. With this model system they
demonstrated that actin triggers both temporal and spatial
rearrangement of components in the lipid bilayer, thus acting as
a membrane domain switch [66]. This study was taken further
by assembling dendritic actin networks inside GUVs to study
the interaction between actin network growth and deformation
of membranes [67]. It was observed that actin-based protru-
sions formed inside the GUVs, which showed a strong resem-
blance to cellular filopodia (Figure 5). Liu and co-workers
concluded that the lipid membrane also plays an active part in
organising actin networks. Already in 1999, Miyata et al. had
observed similar protrusive formations at the outside of GUVss
with encaged actin filaments. These protrusions developed
within 30 to 100 s after KCI was introduced into the GUVs by
electroporation and were also evoked by the inner actin poly-
merisation [68].
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Actin filaments have also been encapsulated in giant liposomes
together with the molecular motor heavy meromyosin. Without
myosin, actin filaments were distributed homogeneously in the
liposomes in an unordered manner. In the presence of actin-
cross-linking proteins, self-organised actin structures emerged,
which were similar to those in living motile cells [69,70]. The
liposomes, which incorporated these actin networks, exhibited
nonspherical shapes. Experimental protocols on preparing giant
liposomes with encapsulated actin, myosin and other cross-
linking proteins are discussed in more detail by Takiguchi et al.
[69]. In a later study, actomyosin cortices were anchored to the
outside or inside of cell-sized liposomes. This arrangement also
resulted in shape changes of the biomimetic system. The regula-
tion of morphological changes in such synthetic cells was
explained by a balance of actomyosin cortical tension and

mechanical resistance to rupture [71].

For the functional encapsulation of cytoskeletal proteins into
lipid vesicles high physiological salt levels are mandatory and
the fabrication method should only take a short period of time.
These parameters cannot be fulfilled with conventional electro-
formation, which requires low salt concentrations and takes
several hours. Recently, two novel methods were introduced,
which overcome these problems of conventional vesicle forma-
tion and can incorporate biologically active proteins into GUVs.
Gentle hydration of hybrid lipid-agarose films in solutions of
cytoskeletal proteins yielded uniform actin and actomyosin
networks enclosed in vesicles of 10 to 20 um diameter
(Figure 6) [72]. Actin filaments could also be specifically
anchored to the GUV membrane by biotin-streptavidin linkages.
This anchorage resulted in the formation of a cortex-like actin
structure within the GUVs. However, the GUVs in this study
were contaminated by agarose, which adhered to the lipid
membrane. A very similar approach for growing GUVs with
embedded biomolecules was later presented by Weinberger et
al. Lipid precursor films were spread onto polyvinyl alcohol
(PVA) films and placed in a swelling buffer containing different

Figure 5: Thin actin protrusions emerge from dendritic actin networks. Phase-contrast (A) and spinning-disc confocal images (B) of lipid membrane
(green) and (C) actin (red) show multiple protrusions in the lumen of a GUV. Overlay of the fluorescence images confirms that the membrane protru-
sions are supported by actin filaments. The scale bar represents 5 pm. (Reprinted with permission from [67]. Copyright (2008) Nature Publishing

Group.)
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Figure 6: Confocal fluorescence micrographs of giant actin-filled liposomes. Lipid membranes are labelled with rhodamine (red); actin is labelled with
AlexaFluor 488 (green). Insets indicate the nature of the actin-membrane interaction. (A) The actin filament solution inside a liposome with an inert
membrane (containing PEG-lipids) is homogeneous and displays a depletion zone underneath the membrane. (B) Liposomes, which contain biotiny-
lated lipids, encapsulate networks of biotinylated actin filaments that are coupled to the membrane via biotin—streptavidin bonds. The scale bars repre-
sent 10 um. (Adapted with permission from [72]. Copyright (2011) American Chemical Society.)

biorelevant molecules such as actin. This gel-assisted electro-
formation of GUVs enabled the fast growth of polymer-free
vesicles with high yields. Actin filaments were observed to
incorporate into the GUVs, and bundles formed when addi-
tional cross-linkers were added to the swelling buffer [73].

4. Talin at liposomal membranes

As previously described, talin is a major actin-binding protein,
which is a key player in integrin signalling. Moreover, talin
anchors the actin microfilament system to the cell membrane
and promotes actin polymerisation. With these functions talin
can also play a crucial role in the development of synthetic cells

from lipid membranes.

Reconstitution of talin into lipid membranes by self-assembly
was first achieved by Heise et al. in 1991. Talin was purified
from blood platelets and incorporated into vesicles by cyclic
freeze-thawing of co-dispersions containing vesicles and talin.
This technique yielded a uniform orientation of platelet talin
with its large head group pointing to the outer vesicle side [74].
The reconstitution procedure did not change the lipid compos-
ition of the vesicles. Charged lipids were found to increase the
solubility of talin in the membrane drastically, thus indicating
an electrostatic interaction of talin with lipid bilayers. Based on
these findings, reconstituted talin in lipid vesicles was later
employed to study its interaction with actin filaments. Using
fluorescence imaging it could be visualised for the first time
that reconstituted talin is able to anchor actin at lipid
membranes. Talin was also observed to nucleate actin filaments
and to promote growth, as it was reflected by an increase in fila-

ment number at the lipid interface [75].

Furthermore, the lipid vesicle model system with reconstituted
talin was employed in a study on the function of talin-vinculin
complexes. When talin was present, an increase of the actin
polymerisation rate was observed, which occurred indepen-
dently of the presence of vinculin. In calorimetric measure-
ments it was also found that talin, like vinculin, partially inserts
into the hydrophobic region of negatively charged lipid bilayers
[76]. This finding was later confirmed by light scatter tech-
niques, which yielded a value of 3.3 x 103 M™! for the molar
affinity of talin to lipid vesicles [77]. The insertion behaviour of
talin into negatively charged lipid bilayers was investigated in
more detail by the film balance method combined with fluores-
cence imaging. With this technique, Sackmann and co-workers
showed that fluorescently labelled as well as native talin inter-
acts with negatively charged lipid monolayers [78]. These
observations were in good agreement with previous results from
differential scanning calorimetry and Fourier transform infrared
spectroscopy [74]. Binding assays of talin on lipid membranes
later revealed that the protein interacts simultaneously via its
47 kDa polypeptide domain with lipid bilayers and via its
200 kDa domain with actin [79]. Moreover, talin was found to
trigger vesicle membrane fusion, which could be monitored
using cryoelectron microscopy [80]. Hence, talin is of major
importance for understanding cytoskeletal assembly and

membrane targeting.

Further research on the influence of talin on lipid membranes
was carried out by Takiguchi and co-workers, who studied the
effects of adding talin to liposome solutions. They discovered a
membrane-breaking function of talin: Lipid membranes were

found to open stable holes and transform into cup-shaped lipo-
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Figure 7: Transformed liposomes observed by dark-field microscopy in the presence of talin. Liposomes used were prepared from phosphatidyl-
ethanolamine and phosphatidylglycerol (1:1, mol:mol). (A) Closed spherical liposomes obtained in the absence of talin. (B) Cup-shaped liposomes
observed in the presence of 0.4 mM talin. Image courtesy of K. Takiguchi (unpublished).

somes, which finally turned into lipid bilayers (Figure 7) [81].
Reversion of these morphological changes could be achieved by
diluting talin in the surrounding medium, which resulted in the
lipid bilayers to transform back into closed liposomes. In future,
talin can also be a useful tool for controlled manipulation of
liposome morphology, which can play an important role in the
development of synthetic cells.

Since the early 2000’s, research on talin reconstituted in lipid
bilayers has not been pursued anymore although many funda-
mental results on cellular functions have previously been
obtained from this model system. Nevertheless, small talin head
domains have recently been employed to study physiological
integrin activation. Ye and co-workers incorporated integrin
into liposomes and added talin head domains, which have a size
of only 50 kDa. With this reconstituted model system the
physiological activation of integrin could be reconstructed in
vitro for the first time [82].

Conclusion

Current research activities on biomimetic model cells with
reduced molecular complexity have given fundamental insight
into many cellular processes and signalling pathways. In par-
ticular incorporating integrins, actin filaments and talin into
lipid vesicles has contributed to the current understanding of
integrin-mediated cell adhesion and actomyosin-driven motility.
Many obstacles in the reconstitution of biologically active
membrane proteins into lipid bilayers and the functional encap-
sulation of actin filaments into vesicles have already been over-
come in the past. Yet, there are still many open questions in the
field of minimal cellular life, for instance how to incorporate
further cytoplasmic proteins, including talin, into giant lipid
vesicles. Future research in synthetic cells will certainly pave
the way for model systems with tailored properties, which can
also play an important role in targeted drug delivery or the

development of novel implant materials.
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The surface topography of the human wrist skin is studied by using optical and atomic force microscopy (AFM) methods. By using

these techniques the surface roughness power spectrum is obtained. The Persson contact mechanics theory is used to calculate the

contact area for different magnifications, for the dry and wet skin. The measured friction coefficient between a glass ball and dry

and wet skin can be explained assuming that a frictional shear stress of ~ 13 MPa and o¢~ 5 MPa, respectively, act in the area of

real contact during sliding. These frictional shear stresses are typical for sliding on surfaces of elastic bodies. The big increase in

friction, which has been observed for glass sliding on wet skin as the skin dries up, can be explained as result of the increase in the

contact area arising from the attraction of capillary bridges. Finally, we demonstrated that the real contact area can be properly

defined only when a combination of both AFM and optical methods is used for power spectrum calculation.

Introduction

The tribology of human skin is of great importance in sports,
medicine, and cosmetics [1,2]. It is a rather complex topic due
to the layered morphology and the viscoelastic—plastic nature of

the human skin. A modern view about this topic is presented in

[3].

The top-layer of the skin (stratum corneum, about 20 pm thick)
has a Young’s modulus of £ = 1-3 GPa, which is similar to

rubber in the glassy region. It is well know that the effective
elastic modulus of stratum corneum may decrease by a factor of
100-1000 with increasing water content down to values of the
order of £ =~ 5-10 MPa in the wet state, which is comparable to
rubber in the rubbery region [3,4].

The tissues beneath stratum corneum are very soft. This has

been demonstrated in indentation experiments on the inner
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forearm by using a macroscopic indentor (a ball with a diam-
eter of about 1 cm). The measurements are explained well by
using the Hertzian contact theory. The effective elastic modulus
was found to be 10-40 kPa [3]. In a first approximation, a
two layers model, with a thin stiff layer on top of a thick soft
layer, is sufficient for a satisfactory description of the contact
mechanics between the skin and the indentor.

The change of skin morphology and elastic modulus in the wet
state contributes to the high friction of the wet human skin.
However, the pattern of channels on the human skin surface,
which is similar to the pattern on channels on the tree frogs toe
pads [5], facilitates the fluid removal from the contact regions
between skin and countersurface, increases the friction and
enhances the grip between a fluid covered object and the human
skin [3]. The strong reduction in the elastic modulus of the wet
stratum corneum, e.g., due to sweating, results in a further
increase of the contact area and of the friction, which may be
crucially important in emergency situations.

In an earlier publication we have analyzed the frictional prop-
erties of skin by using the Persson contact mechanics theory. In
[6] the surface topography of skin was measured by using an
optical method with a resolution of the order of 1 um. In this
paper we report on AFM measurements at a higher resolution.
From both optical and AFM data we have obtained the surface
roughness power spectrum over all relevant length scales. This
enabled us to perform a more accurate theoretical contact
mechanics study of the frictional properties of skin, which we
will report on in this paper.

Experimental

The topography of human wrist skin was analyzed in dry and
wet states in the same way as described in [6]. The skin was
washed with ethanol, wiped and dried for two minutes. To bring
the skin in a wet state, a wet napkin was placed on the skin
surface for 10 min. Afterwards, the skin was wiped and dried
for two minutes. A two-component dental wax (President light
body, Coltene, Switzerland) was used to prepare a negative
mold of the skin. The negative mold was filled with Spurr’s
low-viscosity resin and polymerized overnight at 70 °C. The
images of positive epoxy replicas coated with gold—palladium
(6 nm layer thickness) were obtained by using a Hitachi
TM3000 tabletop electron microscope (Hitachi High-Tech-
nologies Corp., Tokyo, Japan) at an accelerating voltage of 3
kV (Figure 1). 3D surface profiles of the positive replicas were
acquired by using a white light interferometer NewView 6k
(Zygo, Middlefield, CT, USA) with 5x and 50x magnifications
(Figure 2). The data obtained at low magnification are consider-
ably discontinuous. Exact height could not be defined in white
areas, Figure 2a. Besides, a speckle-like high-amplitude noise

Beilstein J. Nanotechnol. 2014, 5, 1341-1348.

appear at low magnification. At high magnification the height
may be properly defined almost in entire field of view,
Figure 2b.

Figure 1: Scanning electron microscopy picture of a mould of wet
human wrist skin.

0

Figure 2: 3D surface profiles of a mould of wet human wrist skin
obtained by using white light interferometry at low (a) and high (b)
resolution (only the measured raw data are presented). The image
width is 1.4 mm in (a) and 140 pmin (b).

For the AFM measurements a fragment of human wrist skin
immediately after dissection was immersed in Ringer solution
and placed on a Polysine™ slide (Gerhard Menzel GmbH,
Braunschweig, Germany). The AFM measurements were
performed with a NanoWizard® AFM system (JPK Instruments
AG, Berlin, Germany) equipped with a high density carbon tip
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Figure 3: AFM images of a mould of wet human skin taken at (a) lower and (b) higher resolution.

(0.2 N/m, NanoWorld AG, Neuchatel, Switzerland) in contact
mode at 1024 x 1024 pixels resolution and 0.5 Hz scanning
rate. Figure 3 was produced by using the software SPIP 5.1.2
(Image Metrology, Denmark).

Contact angles of water on skin were measured 5 times at
different locations for each state of the skin by using a contact
angle measurement device OCA20 (Dataphysics Instruments,
Filderstadt, Germany). According to our measurements
the advancing water contact angle on human wrist skin
is (112.9 £ 1)° (mean + s.e.m., n = 10) on dry skin and
(121.4 £ 1.6)° (n = 9) on wet skin. The larger contact angle on
wet skin could reflect either a change in the skin surface chem-
istry, or more likely may be due to the increase in the surface
roughness of wet skin. The receding contact angle was not
measured but it would be smaller than the advancing contact
angle. In the literature, the values of the water contact angle on
human skin range from 80 to 110° [7].

Results and Discussion
Surface roughness power spectrum of skin
Similar to [6] the measured height profiles z = A4(x) were used to

calculate the surface roughness power spectrum defined by
[8,9]:

1

C(a)=

(2n) [@x(r(x)n(0))e @)

where x = (x,y) is the in-plane coordinate, <... > stands for the
ensemble average, q = (¢x,q,) is a two-dimensional wavevector
of a particular cosines surface-roughness component with wave-
length A = 21/q and orientation (in the x—y-plane) determined by
the direction of q. C(q) depends only on |q| for surfaces with
statistically isotropic roughness.

Figure 4 shows the power spectra obtained from the AFM
topography data, Figure 3, as a function of the wave vector
(logjo—logig scale). The red and blue lines are calculated using
the surface topography data from Figure 10 in [3] for dry and
wet skin, respectively. The green lines in Figure 4 are calcu-
lated for wet skin with AFM data taken into account.

In Figure 5 we show the power spectra over a larger wavevector
range including both the results from the white light interferom-
etry [6] and the AFM measurements from Figure 4. The dashed
line denoted by b is the power spectra used in the calculations
presented below in Figure 9), and correspond to a self-affine
fractal surface with a fractal dimension of D¢=3 — H=2.14in
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Figure 4: The power spectra as a function of the wave vector
(log40—log4g scale), based on AFM topography data (green lines). The
red lines are for dry skin, the blue lines for wet skin (calculated without
AFM measurements).

the AFM region, a total surface area of Ay, = 1.34 (Where A is
the nominal or projected surface area) and an rms slope of 0.9.
The smallest surface roughness wavevector is go = 10> m™! and
the largest (cut-off) wavevector is ¢; = 1010 m™!. The dashed
line denoted a was used in the study presented in [6] and corre-
sponds to a surface with the total surface area of Ao = 2.74
and an rms slope of 2.8. Both power spectra correspond to
surfaces with an rms roughness amplitude of ca. 22 pm.

optical

3 4 5 6 7 8 9 10
log,, q (1/m)

Figure 5: The power spectra as a function of the wave vector

(log40—log4g scale). The dashed line denoted by b is the power spectra

used in the calculations and correspond to a surface with the surface
area Aot = 1.3Ag and rms slope 0.9.

Contact mechanics of dry and wet skin

The model of the skin used in the calculations is presented in
Figure 6. The elastic modulus of the bulk skin is £7 = 20 kPa
and the Poisson ratio is vi = 0.5. The 20 pum thick layer of
stratum corneum has a Young’s modulus of £y = 7 MPa in the
wet state and of £y = 1 GPa in the dry state with a Poisson ratio
of vy = 0.5. Plastic deformation must be taken into account for

Beilstein J. Nanotechnol. 2014, 5, 1341-1348.

the dry skin, because of the the high contact pressure. In the
following calculations the plastic yield stress (or penetration
hardness) of human skin was taken as oy = 50 MPa [10], which
is similar to the yield stress of most polymers, which are of the
order of 100 MPa. We note that the yield stress of the skin is
about 5% of its Young’s modulus, which is typical for many
materials, e.g., for dry cellulose fibers. In fact, cellulose fibers
exhibit elastoplastic properties very similar to the stratum
corneum: Both absorb water strongly and swell by wetting, both
have elastic moduli of the order of 10 MPa in the wet state and
of the order of 1 GPa in the dry state [11]. The swelling (and
elastic softening) of the skin in water take place while the water
fills the multiple intracellular cisternae in stratum corneum [12].
The elastoplastic parameters given above are in agreement with
experimental measurements [3,10], but a large spread of the

parameter values is observed in different measurements.

stratum corneum (E,,v,) I d=20pum

underlying tissues

or “bulk skin” (E;,v,)

Figure 6: The model of the skin used in the calculations. The elastic
modulus of the bulk skin is E1 = 20 kPa, and the Poisson ratio is

v4 = 0.5. The 20 um thick top layer (stratum corneum) has a Young’s
modulus of Eg =7 MPa, in the wet state and of Eg = 1 GPa, in the dry
state with a Poisson ratio of vy = 0.5. A penetration hardness of

50 MPa was assumed for dry skin.

We have used the Persson contact mechanics theory to analyze
the contact between skin and a flat hard countersurface [6].
Shortly, when the interface is studied at a magnification ¢ for
which the surface roughness with wavevector g > ¢ cannot be
detected, the observed surface area is given by [9,13]

A©) _ [ 1
4 —erf(z\/G) )

where erf(x) is the error function and

GO =] dgqloM@)* C@) 0

where 6o = pg is the applied stress or pressure. The linear
response function M, relates (in wavevector space) the surface

displacement normal to the surface to the stress acting normal to
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the surface: M,.(q) = u,(q)/c.(q). For a layered material of the
type shown in Figure 6 it is given by M__ = —ZS(q)/(qu),
where Ej = E,/(1-v}) and [14-16]

s(q)= 1+ 4mgde 299 — mne 444
= , 4
1- (m +n+ 4mc]2d2 )e—qu +mne 444 @

where
3 GO/GI—I
Gy /G +3-4vy
4(1—\/0)

n=1

1+(Gy /Gy )(3-4v)”

where Gy = E¢/2(1+vg) and G| = E|/2(1+v)) are the shear
moduli for solid 0 and solid 1, respectively.

In all the calculations presented below we have assumed a
squeezing pressure F\/Ag = po = 6.83 kPa, which is the average
nominal contact pressure in the experiments reported on in
Figure 7. Figure 8 shows the area of contact (in units of the
nominal contact area 4() as a function of the magnification { of
the highest roughness components included in the calculation
(logjp—logig scale). The blue and red curves in Figure 8 are for
wet and dry skin, respectively. The solid and dashed blue curves
use the surface power spectra denoted by b and a in Figure 5,
respectively. For dry skin plastic yielding occurs already for
small wavevector values (corresponding to long-wavelength
roughness), for which the two power spectra with/without AFM
data are identical. For this reason the contact mechanics for dry
surfaces are the same using the two different power spectra.
However, for the wet skin the power spectrum a result in a
much smaller contact area than the power spectrum b. The

Glass
Intermittent motion

50 mg water added

in

Coeff. of dyn. friction, u

| I I | !
o+ttt

0 100 200 300 400 500

Time (s)

Hydration Drying

Figure 7: The friction coefficient of skin for a glass ball (R = 0.8 cm) at
a sliding velocity of 0.8 cm/s and a normal load of 0.5 N during wetting/
drying. Adopted from [3] with the permission of the authors.
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reason is that the rms slope & (which is determined mainly by

the large wavevector region of the power spectrum) of the
surface in a is much larger than that in b, and the contact area is

approximately proportional to 1/&.

0
1t
optical
—~ , +AFM
;5( 27 ,wet skin
g3t TTe—la,
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4t plastic v
contact f}
area 1 \~elastic
-5 . L . . . .
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Figure 8: The ratio of the contact area A to the area of the nominal
contact area Ag as a function of the lower scale magnification ¢
included in the calculation in a log4g—log1g scale. The blue and the red
curves correspond to wet and dry skin. The solid and dashed blue
curves use the surface power spectra denoted by b (optical and AFM
data pooled together) and a (optical data only) in Figure 5, respective-
ly. The skin model shown in Figure 6 is used in the calculations. The
squeezing pressure was assumed as Fn/Ag = po = 6.83 kPa.

The resolution of the instrument used to study surfaces deter-
mines the apparent contact area. Determination of the real
contact area can be achieved only with an instrument having
atomic resolution, such as AFM. Measurements based on the
standard microscopy techniques, such as white light interferom-
etry) have a resolution limited by the wavelength of the used
light. Therefore, regions smaller than some fraction of the
wavelength of light would appear as being in full contact
and the contact areca will be overestimated. At the highest
magnification using the power spectra b the contact area is
AlAy=2.15 x 1073 for wet skin and 1.37 x 107 for dry skin.
For dry skin complete plastic yielding occurs in all contact
regions so that 4/4y = on/oy = 1.37 x 107%. Plastic deforma-

tion starts at ¢ > 10° m™!

corresponding to a wavelength of
A < 27m/q = 60 um. The values of the friction coefficients,
pn =~ 0.25 for dry skin and p = 1.4 for wet skin, could be
explained by frictional shear stresses of about 13 MPa for the
dry surface and of about 5 MPa for the wet surface. These
values are very similar to the frictional shear stresses for sliding
on polymers [17], or for many thin (ca. 1 nm) confined fluid
layers between hard surfaces [18]. They are also similar to the
frictional shear stresses in the area of contact for tread rubber
sliding on different surfaces [19], during which for sliding
velocities of the order of cm/s the frictional shear stress is typi-

cally of the order of 2-8 MPa.
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Capillary adhesion

In this section we evaluate different factors determining the
tribological behaviour of wet skin, which is described in [3],
following the line presented in [6]. The sliding friction of a
glass ball was measured at a sliding velocity of 0.8 cm/s and a
normal load of 0.5 N (Figure 7). At ¢ = 30 s, a water droplet,
AV =50 puL, was added to the sliding track. This corresponds to
an average water film thickness on the track of the order of
AV/LD = 90 pm, where L = 8 cm is the stroke length and
D = 0.8 cm the width of the (nominal) Hertzian contact region.
A uniform water film of thickness Ad = 90 pm evaporates in
about 500 s at room temperature, 50% relative humidity, and an
evaporation rate of d ~ 1.7 x 1077 m/s (see below). This is
exactly the time period necessary for the friction to return to the
dry state value (Figure 7). The sharp increase of the friction
coefficient that appears as the water evaporates, Figure 7, might
result from the increase in the area of real contact arising from
the attractive force of capillary bridges. We can take into
account capillary bridges in an approximate way as described in
detail in [20]. That is, water is placed at the interface between
the skin and the glass surface in all regions where the sep-
aration is less than the water layer thickness:

dy. = —rg (cosb| +cosh, ). )

The negative Laplace pressure in the regions covered by water
is described by

P ==Y/ s (6)

where v is the surface tension of water. If A4 is the surface area
occupied by the capillary bridges then the attractive force is

F, =|px|Aa4 )

The contact area and the distribution of interfacial separations
are determined by using the Persson contact mechanics model
with the external pressure pg replaced by the total pressure
P =po + pa, Where p, = F,/4y. In this mean-field approximation
the force from the non-uniform distribution of capillary bridges
is replaced by a uniform pressure or stress p,. Note that to
calculate A4 one has to know the pressure p = p( + p,. Since p,
depends on A4 [9] there is an implicit equation for A4 or p,,
which can be solved, e.g., by iteration.

The area of real contact in thousandths of A is shown in
Figure 9 as a function of the average water film thickness d.
The solid and dashed curves use the surface power spectra

denoted by b and a in Figure 5, respectively. Note that the
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surface with the smaller rms slope (corresponding to the power
spectra b) results in the largest contact area. For d > 12 pum the
water covers all the interface (flooded condition). We have
assumed a contact angle of 0° for water on glass and of 80° for
water on skin. The increase in the contact area for an average
water film thickness between 0 and about 10 um is due to the
formation of capillary bridges. Since the contact area is small
compared to the nominal contact area, the area of real contact is
proportional to the effective squeezing force py + p,. Therefore,
at the point where the contact area is maximal, p, = py, i.e., the
attractive capillary pressure is of similar magnitude as the
(nominally) applied pressure pg = 7 kPa. The width (in seconds)
of the friction peak observed in Figure 7 corresponds to a
change in the average water film thickness (due to evaporation)
of ca. 10 pm, which is in beautiful agreement with the width of
our predicted friction peak.

5 . . . .
4
o
383
x
<\€ b
< 2
1 //’ ————— \\\ /a
0 1 n 1 1
0 10 20 30 40 50

average water film thickness (1m)

Figure 9: The area of real contact (in thousandths of the nominal
contact area, Ap) as a function of the average water film thickness d.
For d > 12 uym water fills the whole interface. The solid and dashed
curves use the surface power spectra denoted by b and a in Figure 5,
respectively. In the calculations we have used the skin model shown in
Figure 6 and assumed a contact angle of 0° for water on glass and of
80° for water on skin. The squeezing pressure is

Po = FN/AO = 6.83 kPa.

The water evaporation rate d (change per unit time of the fluid
film thickness d) is given by the empirical formula [21]

dz—(pw—pa)x(a-i-bv)/Y, ()

where py, is the water saturation vapor pressure at the water
(surface) temperature, p, is the water vapor pressure in the air
(which is the product of the relative humidity and the saturation
water pressure at the air temperature and air pressure), and v
the velocity of the air (some distance from the water surface)
over the water surface. Y is the latent heat of evaporation (for
water Y = 2272 klJ/kg) and the coefficients a and b are
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a=28.9x 107 m*(kg-s) and b= 7.8 x 107> m3/kg, respectively.
If the water on the skin has a temperature close to the body
temperature, say 7 = 35 °C, then py, = 5.6 kPa. The experi-
ments were performed at room temperature (7= 20 °C) and a
relative humidity of 50% giving p, = 0.5 x 2.3 kPa = 1.15 kPa.
Hence, since v << | m/s, we get d ~ 1.7 x 1077 m/s. Thus it
takes At = Ad/d = 60 s for the water film thickness to decrease
by Ad = 10 um, which according to the theory is the film thick-
ness range over which the capillary attraction between the
surfaces is effective. This is in beautiful agreement with the
experimental data (see Figure 7).

We have assumed that the thermodynamic water—skin contact
angle is 0; = 80°, and the water—glass contact angle 0, = 0°.
Thus cosf; + cosfy =~ 1 > 0 so that the interface is hydrophilic
and attractive capillary bridges can form. In a second friction
experiment Adams et al. [3] used a polypropylene sphere and in
this case no increase in the friction was observed during drying.
This is consistent with the fact that the water—polypropylene
contact angle 0, = 102° so that cosf; + cosf, = —0.03 < 0.
Hence, the interface may be slightly hydrophobic resulting in a
negligible interaction between the counterpart bodies during
drying. For more strongly hydrophobic interfaces, e.g., skin in
contact with Teflon in water, a dewetting transition may occur
resulting in a dry contact area and an effective attraction

between the skin and the countersurface [22].

Conclusion

We studied the contact mechanics and friction for dry and
water-lubricated human skin. The surface topography is studied
by using two different methods, white light interferometry and
AFM, which in combination allowed us to obtain the complete
surface roughness power spectrum. The Persson contact
mechanics theory is used to calculate the dependency of the
apparent contact area on the magnification for both dry and wet
skin. It was shown, that the proper estimation of the real contact
area and attraction force is possible only if both types of surface
profile measurements, AFM and white light interferometry, are
used for the calculation of the roughness power spectrum. For
dry skin plastic yielding becomes important and will determine
the area of real contact at the highest magnification. The
measured friction coefficient on both dry and wet skin can be
explained assuming that a frictional shear stress of = 10 MPa
acts in the area of real contact during sliding. This frictional
shear stress is typical for sliding on elastomeric surfaces, and
for nanometer thick confined fluid films. The big increase in
friction, which has been observed for glass sliding on wet skin
as the skin dries up, can be explained by the increase in the
contact area arising from the attraction of capillary bridges. This
effect is predicted to operate as long as the water layer is thinner

than ca. 10 pm.
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silicones

Abstract

Background: Mechanosensing of cells, particularly the cellular response to substrates with different elastic properties, has been
discovered in recent years, but almost exclusively in mammalian cells. Much less attention has been paid to mechanosensing in
other cell systems, such as in eukaryotic human pathogens.

Results: We report here on the influence of substrate stiffness on the adhesion of the human pathogen Acanthamoebae castellanii
(A. castellanii). By comparing the cell adhesion area of A. castellanii trophozoites on polydimethylsiloxane (PDMS) substrates with
different Young’s moduli (4 kPa, 29 kPa, and 128 kPa), we find significant differences in cell adhesion area as a function of sub-
strate stiffness. In particular, the cell adhesion area of 4. castellanii increases with a decreasing Young’s modulus of the substrate.

Conclusion: The dependence of 4. castellanii adhesion on the elastic properties of the substrate is the first study suggesting a
mechanosensory effect for a eukaryotic human pathogen. Interestingly, the main targets of 4. castellanii infections in the human
body are the eye and the brain, i.e., very soft environments. Thus, our study provides first hints towards the relevance of mechan-

ical aspects for the pathogenicity of eukaryotic parasites.

Introduction
The adhesion of many cell types, including fibroblasts, prefer to adhere to materials, which have mechanical properties
myocytes, and neurons, depends on the mechanical properties similar to the ones found in their natural biological environ-

of the cellular microenvironment [1-3]. In particular, cells ments. Cells can even adapt their direction of migration on ma-
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terials with gradually changing stiffness, a phenomenon known
as mechanotaxis [4,5]. This adaptation is presumably due to an
active probing of the cellular microenvironment by nanobiome-
chanical mechanisms in cells, allowing them to reorient and
position themselves [6]. Once grown on a substrate with defined
elasticity, cells adapt their own elasticity to the elasticity of their
environment [7]. But not only differentiated cells are influ-
enced by substrate stiffness. For stem cells it has been demon-
strated that their differentiation is directed towards certain cell
types if their adhesion substrate has similar mechanical prop-
erties as the natural tissue of the differentiated cell [8], prob-
ably mediated by stress-fibre polarization [9]. Even the adhe-
sion of tumor cells is controlled by substrate stiffness [10].
However, not only substrate stiffness plays a decisive role for
controlling cell adhesion on soft substrates, but also the specific
mechanical anchorage of adhesion molecules [11]. The
mechanosensory function of cells is supposed to be closely
linked to the mechanisms of active force generation in cells.
Analyzing cellular traction forces on elastic substrates has led to
substantial information on the forces that cells are able to exert
[12,13]. Taken together, there is evidence for the existence of
mechanosensors in mammalian cells, yet the detailed mecha-
nisms of mechanosensing are still under investigation.
Currently, there are several molecules, such as talin and
vinculin as well as ion channels under discussion to serve as
possible candidates involved in sensing the mechanical prop-

erties of the cellular microenvironment [14-16].

In contrast to mammalian cells, for eukaryotic protists, such as
amoebae, there is still only very little knowledge about their
ability to sense the elastic properties of their extracellular
microenvironments. Only for intracellular mechanosensing, a
recent study discusses the signficiant role of myosin-II motor
proteins in mechanosensing of the social amoeba Dictyostelium
discoideum [17]. A medically highly relevant amoeba species
are acanthamoebae. Acanthamoeba spp. are free-living protists,
which are frequently found in water reservoirs such as lakes,
swimming-pools, and even in tap water [18]. Some acan-
thamoeba species are pathogenic to humans, such as 4. culbert-
soni and A. castellanii [19,20]. Whereas both A. culbertsoni and
A. castellanii can cause granulomatous amoebic encephalitis
(GAE), a chronic and severe disease of the central nervous
system [21], A. castellanii is more feared for its potential to
infect contact lens users and cause a painful and hardly treat-
able keratitis in their eyes [22]. Such an acanthamoeba keratitis
is often related to wrong contact lens care, e.g., due to non-
satisfactory contact lens disinfection [23].

In the study presented here we investigated the influence of sub-
strate stiffness on adhesion properties of A. castellanii. We

prepared polydimethylsiloxane (PDMS) substrates with
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Young’s moduli of 4 kPa, 29 kPa, and 128 kPa. These Young’s
moduli were chosen in order to cover an elasticity range, for
which a significant effect of substrate stiffness on the adhesion
of mammalian cells has already been reported [1]. We systemat-
ically investigated the adhesion of A. castellanii on these ma-
terials by analyzing the number of adhering amoebae and their
adhesion area as a function of substrate stiffness. We demon-
strate that the adhesion area of 4. castellanii is significantly
larger on soft substrates compared to stiff substrates, showing
the relevance of the cellular microenvironment and associated
nanobiomechanical cues also for the adhesion of a eukaryotic
human pathogen.

Experimental
Preparation of polydimethylsiloxane (PDMS)

substrates

Silicone base and curing agent (Sylgard 184, DOW Corning)
were mixed thoroughly in a ratio (m/m) of 80:1, 57:1, and 40:1
by following the curing procedure given in Trappmann et al.
[11]. Afterwards, the mixtures were poured in sterile 6-well
plates (Sarstedt, Niimbrecht, Germany) up to a thickness of
approx. 2 mm and degased for 3.5 h. Thermal polymerization
was carried out for 21 h at 70 °C followed by a slow cool down

to room temperature.

Elasticity measurements

Mechanical properties of PDMS substrates were determined by
microindentation using a micro-force measurements device
(Basalt-BTO01, Tetra GmbH, Ilmenau, Germany) [24]. The
recorded force—distance curves were used to calculate the
Young’s modulus of the PDMS substrates and the work of
adhesion with the Johnson—Kendall-Roberts (JKR) model [25].
This model is used to characterize the mechanical properties of
soft materials in the presence of adhesion, since it takes into
account the attractive forces between the microindenter tip and
the sample. For all substrates, elastic moduli were determined
from the unloading part of the curve to consider only the elastic
behavior and not the plastic deformation of the sample. The
measurements were performed under ambient conditions
(25-26 °C temperature and 40-50% relative humidity).
Analysis of the Young’s moduli of the different PDMS
substrates resulted in 4 £ 1 kPa (silicone base/curing agent =
80:1), 29 + 3 kPa (57:1), and 128 + 32 kPa (40:1).

Acanthamoeba culture

Trophozoites of A. castellanii (ATTC 30234) were cultured at
room temperature in Peptone Yeast Glucose (PYG) 712
medium (20.0 g proteose peptone (BD, Sparks, USA), 1.00 g
yeast extract (BD, Sparks, USA), 950 mL distilled water,
10.0 mL 0.4 M MgSOy4-7H,0 (AppliChem, Darmstadt,
Germany), 8.00 mL 0.05 M CaCl, (AppliChem, Darmstadt,
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Germany), 34.0 mL 0.1 M sodium citrate dihydrate (Merck,
Darmstadt, Germany), 10.0 mL 0.005 M (NHy),Fe(SOy4),-6H,O
(AppliChem, Darmstadt, Germany), 10.0 mL 0.25 M
Nay,HPO4-7H,0 (Roth, Karlsruhe, Germany), 10.0 mL 0.25 M
KH,PO4 (Roth, Karlsruhe, Germany), 50.0 mL 2 M glucose
(Sigma—Aldrich Chemie GmbH, Steinheim, Germany)). In this
axenic culture, the PYG 712 medium was regularly exchanged
in the cell culture flasks in order to avoid an encystment of 4.

castellanii trophozoites.

Adhesion experiments

The PDMS substrates were washed with PYG 712 medium
before use. A. castellanii were detached from the cell culture
substrate by cautiously hitting the culture flask. The acan-
thamoebae were counted by a Neubauer hemocytometer and
30.000 acanthamoebae were incubated in 1 mL PYG 712 for
1 h to ensure that the amoebae are fully spread at the time of the
experiment. After this incubation period, 30 phase-contrast
images were captured with a 10x objective (UPlanFL,
Olympus, Japan) on an inverted microscope (IX-81, Olympus,
Japan) for each PDMS substrate and for the control substrate
(sterile 6-well plate, Sarstedt, Niimbrecht, Germany) by using a
digital camera (C-9300, Hamamatsu, Japan). The experiments
were carried out on three different days (on each day in tripli-
cate). Cell numbers and areas were evaluated by manual image
segmentation with ImageJ [26]. Statistical significance was
analyzed by using a Kruskal-Wallis test and a multiple com-
parison test in Matlab (MathWorks, USA).

Results and Discussion

Polydimethylsiloxane (PDMS) has, in recent years, proven to be
a versatile tool for cell adhesion studies, in particular for
studying effects of microstructures on cell adhesion [27,28], and
it is also well-known for its excellent biocompatibility [29,30].
Figure 1 shows typical phase-contrast images of 4. castellanii
trophozoites adhering to the PDMS substrates and to the control
substrate used in this study. The phase contrast images reveal
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strong halos that surround the acanthamoebae. This means that
the acanthamoebae do not flatten during spreading on neither of
the substrates, but keep an ellipsoidal shape. Thus, they do not
spread as extensively as many mammalian cell types [31,32].
Images of A. castellanii on substrates with different Young’s
moduli as well as on a tissue culture control sample (Figure 1)
show that the adhesion of 4. castellanii is, at first glance, not
strongly influenced by the substrate stiffness. But a closer look
reveals differences: On substrates with a low Young’s modulus
(4 kPa), A. castellanii occupy a larger area compared to acan-
thamoebae on substrates with a higher Young’s modulus
(128 kPa). The substrate with a Young’s modulus of 29 kPa
gave an intermediate value. On the control sample, the cell
adhesion area was similar to the one on the 4 kPa substrate. The
increase of adhesion area with decreasing Young's modulus is
opposite to the behavior of human mesenchymal stem cells [33]
but is in good agreement with the trend observed in studies on
neural stem cell cultures [34]. This result is reasonable, as
during the infection process, A. castellanii adhere to compa-
rably soft microenvironments in the brain and in the eye. Inter-
estingly, there is no significant difference in the morphology of
A. castellanii between PDMS substrates and the positive control
substrate. This shows that A. castellanii trophozoites can adhere
very well to PDMS without the need for further biofunctional-
ization, as the PDMS was used in its hydrophobic, non-func-
tionalized state. This is very important to note, as recently, indi-
cations have been found that not only the elasticity of the sub-
strate is a decisive parameter for cell adhesion, but instead also
the linkage of adhesion molecules to the substrate [11]. Due to
the usage of non-functionalized PDMS substrates, we can there-
fore exclude such an effect of adhesion-ligand anchorage in our

experiments.

In order to characterize the dependence of the cell area on the
substrate stiffness in further detail, we carried out an extensive
analysis of the cell areas of 4. castellanii by image segmenta-
tion of several thousands of acanthamoebae per substrate type.

Figure 1: Phase contrast images of A. castellanii trophozoites on PDMS substrates with different Young’s moduli and a control after 1 h in culture in
PYG medium: (A) 4 kPa, (B) 29 kPa, (C) 128 kPa, and (D) control. The adhesion area of A. castellanii is influenced by substrate stiffness, i.e., the cell
area on the stiff sample (C) is smaller than on the softer samples (A,B) and on the control sample (D). The comparison of acanthamoeba morphology
on PDMS substrates and on the control sample shows that acanthamoebae adhere very well to the non-functionalized PDMS substrates. Scale bar:

15.2 pm.
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The results of this analysis are summarized in Figure 2 and
Figure 3. Figure 2 shows the mean values and standard devia-
tions for the projected cell adhesion areas of A. castellanii as a
function of the substrate stiffness. These values were deter-
mined from nine experiments in total, i.e., three independent
experiments carried out on three independent measurement
days. The data clearly show that the cell adhesion area
decreases with increasing substrate stiffness of PDMS
substrates. Statistical analysis revealed that all mean ranks are
significantly different at a 0.001 level (***).

712.59 666.63

Control

T
4 kPa 29 kPa 128 kPa

Figure 2: Cell adhesion area of A. castellanii as a function of the
Young’s modulus of the PDMS substrates and in comparison to the
control substrate after 1 h of adhesion in PYG medium. These results
were obtained from analyzing 3092 amoebae (4 kPa), 3044 amoebae
(29 kPa), 3108 amoebae (128 kPa), and 2194 amoebae (control). The
bar diagram gives the mean cell area (calculated from the mean of cell
adhesion area on each substrate) and standard deviation. This stan-
dard deviation is a measure for the differences in cell adhesion area on
different individual samples of the same type. The numeric mean
values are additionally given inside the bars. The differences of the
means are statistically significant (Kruskal-Wallis test; ***, p < 0.001,
n > 2194 cells per substrate type).

In Figure 3, we present the distribution of projected cell areas as
a function of substrate stiffness compared to the control sample.
Interestingly, the distribution of projected cell areas does not
follow a Gaussian distribution function, but shows a tail
towards large cell areas. This tail of the distribution is a very
typical feature of cell sizes, and has been reported for many cell
types, such as mammalian cells [35,36], but also for 4. castel-
lanii [37]. Comparing the distribution of cell adhesion areas for
substrates having different Young’s moduli supports the results
from Figure 1 and Figure 2, i.e., that substrate stiffness influ-
ences cell adhesion area. The difference between the control
sample and the PDMS sample with Young’s modulus 128 kPa
is eye-catching here, but differences can also be observed
between the different PDMS samples. In particular the pie
charts demonstrate that the amount of large and small cells

changes as a function of PDMS stiffness.
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Figure 3: Average relative counts of projected cell areas of adhering
A. castellanii on PDMS substrates and on the control substrates. The
histograms show that the distribution is slightly asymmetric and can
therefore not be fitted with a Gaussian. Average relative counts were
calculated by determining the relative counts per sample and gener-
ating the average for each bin from all experiments, in order to equally
rate all experiments. The value above the interception of the x-axis
shows the relative counts of cell adhesion areas larger than 1750 um?2.
Differences in cell area distribution become particularly visible when
comparing the pie charts (white: cell adhesion area < 600 um?; black:
600 pm? < cell adhesion area < 1200 um?; striped: cell adhesion area
> 1200 um?).

The dependence of the adhesion on the substrate stiffness is,
however, not reflected in the number of acanthamoebae at-
tached to the different surfaces (Figure 4). No systematic rela-
tion for the dependence of the number of attached acan-
thamoebae on the substrate stiffness could be found in our
experiments after 1 h of adhesion. The incubation time of 1 h
chosen here might be too short to generate severe impact on
parameters such as cell proliferation, as the doubling time of
acanthamoeba in axenic culture is on the timescale of days [38].
As acanthamoeba can also be grown in suspension [19], their
proliferation might not be strongly influenced by the presence
of any substrate.

In a recent study, we had investigated the adhesion of 4. castel-
lanii to hydrogel materials used in contact lenses [39]. We
determined a very strong dependence of 4. castellanii adhesion
on the water content of contact lens materials, i.c., a strong
increase in adhesion with increasing water content. In the study
presented here, the PDMS material was hydrophobic and
repelled water. Also according to literature, the water content of
PDMS is negligible [40]. Therefore, a bias of our data by
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Figure 4: Numbers (in % of control) of A. castellanii adhering to PDMS
substrates after 1 h of incubation. The values were normalized to the
number of A. castellanii adhering to the control substrate. Here, no
systematic effect of the substrate stiffness on the number of cells could
be observed. Mean values are shown in a bar diagram, where each
numeric value is given inside the bar. Error bars denote standard devi-
ations.

changes in the water content of the substrates can be excluded
for the experiments presented here. Furthermore, in our
previous study, we did not find a significant dependence of the
adhesion on the substrate stiffness for Young’s moduli between
0.30 and 0.66 MPa [39]. In contrast to this previous study, we
here discuss adhesion dependence on Young’s moduli that are
one order of magnitude smaller. However, it seems logical that
A. castellanii spread larger on soft substrates, as their main
human infection targets, eye and brain, are very soft, with the
brain having Young’s moduli of about 1-10 kPa and less [41].
However, the influence of the substrate stiffness on the adhe-
sion of A. castellanii that we observe in our study is not as
pronounced as for mammalian cells [2]. Such an extenuated
effect is reasonable, as acanthamoebae have to be able to
survive and migrate in very diverse natural environments,

ranging from soil to water reservoirs.

Conclusion

We have presented an adhesion analysis of human pathogenic
A. castellanii to soft elastic substrates. We find that the cell
adhesion areas of A. castellanii change significantly as a func-
tion of the substrate stiffness, with the largest average cell adhe-
sion areas present on the softest substrates with a Young’s
modulus of 4 kPa. In contrast, the number of adhering acan-
thamoebae is not significantly changed by the substrate stift-
ness after 1 h of adhesion. Our results indicate that adhesion of
A. castellanii is influenced by substrate stiffness, presumably by
mechanosensory mechanisms that allow them to sense and react
on the stiffness of their surrounding environment. Our study
provides first evidence for such a mechanosensory function in

the adhesion of A4. castellanii. Furthermore, mammalian cells

Beilstein J. Nanotechnol. 2014, 5, 1393-1398.

are known to adhere preferably to substrates with mechanical
properties similar to their natural environment. We show that 4.
castellanii adhere with larger contact areas on softer substrates.
This is very interesting, as their natural targets in the human
body are soft environments (brain, eye). Therefore, our study
also shows very first indications for the relevance of mechan-
ical aspects in the pathogenicity of parasites and can serve as a
starting point for many future studies on the impact of mechan-

ical parameters on the adhesion of pathogenic organisms.
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Abstract

Unspecific adhesion of bacteria is usually the first step in the formation of biofilms on abiotic surfaces, yet it is unclear up to now
which forces are governing this process. Alongside long-ranged van der Waals and electrostatic forces, short-ranged hydrophobic
interaction plays an important role. To characterize the forces involved during approach and retraction of an individual bacterium to
and from a surface, single cell force spectroscopy is applied: A single cell of the apathogenic species Staphylococcus carnosus
isolate TM300 is used as bacterial probe. With the exact same bacterium, hydrophobic and hydrophilic surfaces can be probed and
compared. We find that as far as 50 nm from the surface, attractive forces can already be recorded, an indication of the involve-
ment of long-ranged forces. Yet, comparing the surfaces of different surface energy, our results corroborate the model that large,
bacterial cell wall proteins are responsible for adhesion, and that their interplay with the short-ranged hydrophobic interaction of the
involved surfaces is mainly responsible for adhesion. The ostensibly long range of the attraction is a result of the large size of the
cell wall proteins, searching for contact via hydrophobic interaction. The model also explains the strong (weak) adhesion of
S. carnosus to hydrophobic (hydrophilic) surfaces.

Introduction

Members of the genus Staphylococcus are known to form  early 1980s [2]. The name Staphylococcus carnosus reflects its
extremely resistant biofilms, some of which can cause severe important role in meat production as it reduces nitrate to nitrite
infectious diseases [1]. Staphylococcus carnosus is an apatho- and prevents food rancidity by producing the anti-oxidant

genic member of that genus and has been described first in the enzymes catalase and superoxide dismutase [3].
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Only recently, the genome of S. carnosus strain TM300 has
been decoded [4,5]. In contrast to pathogenic staphylococcal
species, such as S. aureus and S. epidermidis, the genome of
S. carnosus lacks significant amounts of mobile genetic
elements, and is poor in repetitive DNA sequences that are
thought to facilitate the plasticity of genomes by allowing for
enhanced genomic diversification due to recombinational events
[5]. Although the S. carnosus genome encodes some homo-
logues of adhesion factors found in S. aureus, it lacks the
majority of adhesive molecules of its pathogenic relative that
are thought to be important for the ability of the pathogen to
colonize and invade its mammal hosts (reviewed in [1]). Due to
its apathogenic properties, and its ability to be transformed with
and to express virulence factors of pathogenic staphylococcal
species ([6,7]), the strain TM300 is an ideal tool to study the
properties of a single virulence factor and its impact on infec-
tivity in this otherwise apathogenic species. Besides this, it has
been shown that the survival of bacteria in a food industry envi-
ronment is strongly related to their efficiency to adhere on
abiotic surfaces [8-10]. Therefore, and because adhesion is the
first step of the formation of biofilms, the characterization of
bacterial adhesion forces has gained increasing importance in
recent years [11].

In general, the adhesion of bacteria to a surface is determined
by the nature of the bacterium, the surrounding medium, the
surface chemistry, and the material composition reflecting the
influence of the main interacting forces [12,13]: van der Waals
forces, hydrophobic interaction and electrostatic forces. In add-
ition, specific interactions amplify bacterial adhesion whenever
corresponding binding partners are available. The adhesion
process of microorganisms, such as S. carnosus, is usually char-
acterized by using flow chambers [14]. Although flow chamber
studies reproduce the natural adsorption process of microorgan-
isms out of fluid flow, it is hard to determine quantitative adhe-
sion force values. The outcome usually results from multiple
parallel processes, such as adsorption, desorption, and adhesion.
Moreover, results obtained from flow chamber experiments
depend on the exact flow conditions of the used chamber [15].
In the last decade, a more quantitative method for measuring
bacterial adhesion forces has been introduced: single-cell force
spectroscopy is a special mode of an atomic force microscope

Beilstein J. Nanotechnol. 2014, 5, 1501-1512.

(AFM) [16] and is optimized to investigate adhesion forces
[17,18] of single bacterial cells in a very controlled manner: By
using AFM-cantilevers functionalized with single bacteria,
“bacterial probes”, force/distance measurements are conducted.
To date, single cell force spectroscopy is mostly used for
exploring specific adhesion [19]. It is the aim of this study to
characterize the unspecific adhesion mechanisms of Staphylo-
cocci, by using S. carnosus as an example, and to clarify the
range of the attractive interaction of the cells to surfaces. We
use abiotic surfaces in order to rule out effects due to specific
interactions and to concentrate on the unspecific interactions of
S. carnosus to surfaces of variable surface energy. As a unique
feature of our study, we are able to probe different surfaces with
the exact same bacterial cell. Thereby, we are able to demon-
strate the importance of the hydrophobic interaction on the
bacterial adhesion process. Moreover, we can measure the adhe-
sion forces that are mediated by bacterial cell wall proteins (and
further cell wall components) and test their dependency on the
‘adhesion history’ the cell has experienced before.

Experimental

Preparation of the substrates

The hydrophilic substrates used in this study are silicon wafers
with a native silicon oxide layer (4 = 1.7(2) nm) (the number in
parentheses denotes the error of the last digit) purchased from
Siltronic AG (Burghausen, Germany). In order to remove dirt,
the silicon wafers were first immersed for 30 min in fresh 1:1
H,SO4 (conc.)/Hy0, (30%) solution, then in boiling deionized
water for 90 min, during which the water was changed at least
four times. Following a standard protocol, these hydrophilic
surfaces can be rendered hydrophobic by the self-assembly of a
monolayer of silane molecules (octadecyltrichlorosilane, OTS,
Sigma-Aldrich), featuring a CHs-tailgroup [20,21]. As has been
shown in [21] by perfoming AFM, X-ray reflectometry, ellip-
sometry, and contact angle measurements, this protocol enables
the preparation of a self-assembled monolayer (SAM) with a
thickness of about 2.6 nm and an 7ms roughness below 0.2 nm.
In [21] it was shown that the SAM is hydrophobic, homoge-
neous, dense, upright and in all-trans configuration. The contact
angles, surface roughnesses and surface energies for hydrophilic
and hydrophobic wafers are given in Table 1 and streaming
potential measurements reveal that both surfaces are negatively

Table 1: Parameters of the model substrates: Root mean square (rms) roughness, advancing (adv) and receding (rec) contact angles © of water,
surface energy y (values taken from [21]) and surface charge as revealed by streaming potential measurements at pH 7.3 [22].

surface rms (nm) Oadv Orec vy (mJ/m2) streaming potential (mV)
hydrophilic 0.09(2) 7(2)° compl. wetting 64(1) -104.4(1)
hydrophobic 0.12(2) 111(1)° 107(2)° 24(1) -80.0(1)
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charged at the used pH of 7.3 (Table 1). For this study, OTS
surfaces of the same batch as in [21] have been used. Prior to
the AFM force spectroscopy experiments with bacterial cells,
both types of surfaces were immersed in PBS buffer.

Bacteria

For the experiments, freshly prepared exponential phase
S. carnosus strain TM300 cells were used [4]. The bacteria were
cultured on blood agar plates and transferred into 5 mL of TSB
medium for 24 h at 37 °C. Before the experiments, 100 pL were
transferred into 4 mL fresh TSB medium and cultured for 2.5 h
at 37 °C and 150 rpm. To remove extracellular material, the
bacteria were washed four times with phosphate-buffered saline
(PBS, pH 7.3, ionic strength 0.1728 mol/L at 20 °C), each with
1 mL. Then, the bacteria were either used immediately or stored
less than two hours at 4 °C. For the preparation of the bacterial
AFM probes, bacterial solution was again diluted 1:6.

Preparation of the bacterial probes

Bacterial probes are based on tipless cantilevers (MLCT-O,
Bruker, Billerica, MA, USA) with a nominal spring constant of
0.03 N/m. After the cantilevers were cleaned in an air plasma,
they were vertically immersed into a solution of 4 mg/mL
dopamine hydrochloride (99%, Sigma-Aldrich) in 10 mM
TRIS-buffer (pH 7.9 at 22 °C) and kept at 4 °C in the fridge for
50 min. The cantilevers were then carefully rinsed in deionized
water to remove unbound dopamine and dried under a laminar
flow bench for at least one hour. The poly(dopamine)-covered
cantilever was then inserted into the Bioscope Catalyst
cantilever holder for measurements in liquids (Bruker, Billerica,
MA, USA), mounted onto the AFM. Subsequently, it was cali-
brated in liquid by using the thermal tune technique [23], which
allows for the calculation of the individual spring constant of
the cantilever.

Afterwards, holder and cantilever were placed into a microma-
nipulation system (Narishige Group, Japan). The cantilever
thereby is in the horizontal position with the functionalized side
facing down. By using the micromanipulator, holder and
cantilever were lowered and the cantilever dipped into a droplet
of diluted bacterial solution (see above), which was previously
placed on a polystyrene petri dish. Under the inspection of an
inverted optical microscope, the cantilever was placed on top of
an isolated bacterium, briefly and carefully tapped onto the cell,
and immediately pulled back again. In order to keep the applied
force low, the deflection of the cantilever was monitored by the
light reflection off the cantilever and kept constant during
motion. Care was taken to position the bacterium as close as
possible to the end of the cantilever (not further away than two
bacterial diameters) to safely exclude cantilever/substrate inter-

actions.
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The successful fixation of a single bacterium at the front end of
the cantilever was confirmed with the inverted microscope, c.f.
Figure 1. Subsequently, cantilever (and holder) were with-
drawn from the bacterial solution, whereby a droplet clings to
the cantilever, preventing the bacterium from drying. Cantilever
and holder were then carefully transferred to the AFM and
immediately immersed into the PBS filled petri dish containing
the hydrophilic and hydrophobic substrates.

Figure 1: Optical image of a single S. carnosus bacterium immobi-
lized by (poly)dopamine on a tipless cantilever.

Single cell force spectroscopy measurements
Single cell force spectroscopy measurements were performed
by using a Bioscope Catalyst (Bruker, Billerica, MA, USA).
The deflection of the cantilever is recorded during the approach
and retraction of the bacterial probe to and from the surface.
The deflection data was converted into force values by means of
the spring constant of the cantilever, determined as described
above. The approach is performed until a certain repulsive force
is reached (“force trigger”), typically 150 pN in this study, if
not indicated otherwise. Experiments were performed in 6 mL
PBS at 20 °C and with tip velocities between 400 nm/s and
2400 nm/s over a total distance of typically 800 nm. (It is
important to note here that the tip velocity describes the velocity
of the piezo drive that controls the z-movement of the
cantilever, which, however, is not necessarily identical with the
velocity of the bacterium, especially at retraction.)

For each parameter set, at least 30 force/distance curves were
recorded, each on a different surface spot to avoid systematic
errors due to local irregularities of the surface or contamination
due to preceding adhesion events. If two surfaces were to be
compared, the first set of 30 force/distance curves was taken on
one surface followed by a series of 30 curves on the second
surface, then again 30 on the first surface. By doing this, we

took control of the reproducibility of the measurements and can
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rule out systematic errors like the degradation of the bacterial
probe.

A typical force curve is shown in Figure 2. Upon approach, a
jump-to-contact (“snap-in”) event can be observed, followed by
a steep rise of the force, indicating bacterium/surface contact.
Since the exact contact formation and mechanics between the
bacterial surface and the solid substrate is unclear, it is hard to
make predictions on the shape of the force/distance curve. Upon
retraction, the force/distance curve exhibits first the same steep
slope as upon approach, yet, due to adhesive forces, a deep
global minimum is recorded. Further retraction provokes a loss
of contact (‘“jump-off contact”). In the repulsive regime (F > 0),
a force of 150 pN is not enough to deform the bacterium: With
a force trigger of 150 nN, only an indentation of ca. 10 nm is
reached (cf. Figure 2). Therefore, very likely, only components
of the cell wall are elastically deformed.

Snap-in separation
500 —

- l-—
maximum noise value

-500 |

Force /pN

1000 |

4500 |

200 100 0 100 200 300 400 500 600 700 800
Separation /nm

Figure 2: Typical force/distance curve, taken with a single S. carnosus
probe on an OTS-covered (hydrophobic) Si wafer. By analyzing the
curve, the adhesion force, the “snap-in force” and the “snap-in sep-
aration” can be obtained, the description of the latter is given in the
text. The arrows indicate the direction of motion of the piezo drive.

Three general measures allow for a comparison of the adhesion
process: Inspecting the approach curve, the “snap-in” event is
characterized by the depth of the global minimum, called “snap-
in force” and by the “snap-in separation”, defined as the sep-
aration at which the deflection reaches 150% of the maximum
baseline noise value (typically between 30 and 50 pN), c.f.
Figure 2. The snap-in separation serves as a hands-on measure
for the determination of the width of the snap-in event.
Distances are measured relative to the point of zero force [24].
From the retraction curve, the adhesion force is taken as the
depth of the global minimum [24]. Since in some cases, the
overall adhesion force decreased after more than about

150 force/distance curves (possibly due to stress applied by the
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large number of adhesion events), the number of force/distance
curves per bacterium was always kept below 150. The
bacterium was never “lost” during the experiments, it was

safely secured to the cantilever.

As a control for the specificity of force/distance curves for
bacterial adhesion and to demonstrate that the cantilever does
not influence bacterial adhesion, several experiments have been
performed with a bare, (poly)dopamin-coated cantilever:
Figure 3 displays the difference between the cantilever adhe-
sion signal of the bare (poly)dopamin-coated cantilever
(Figure 3A), and the very same cantilever with the bacterial cell
attached (Figure 3B). Reversely, after a force/distance curve
with an attached bacterium (Figure 3C), the bacterium was
removed (by pressing it very hard to a solid substrate followed
by shearing it off with a micromanipulator) and another force/
distance curve of only the cantilever was recorded (Figure 3D).
Clearly, the force/distance curves without bacterium exhibit
(nearly) no snap-in event, and during retraction, only a small
adhesion peak occurs and the further retraction curve is smooth
without the characteristic jumps in the case of an attached

bacterium.

Results and Discussion

First, we will concentrate on the robustness of single cell force
microscopy. Each individual S. carnosus probe achieves a char-
acteristic force/distance curve that can be reproduced numerous
times (Figure 4). Differences from curve to curve occur occa-
sionally (about 4 out of 30), yet span mostly only over one
section of the retraction curve, otherwise reproducing the rest of
the curve. This holds true even if a set of 60 force/distance
curves on a hydrophobic wafer is interrupted by the recording
of a set of 30 curves on a hydrophilic wafer: The first 30 curves
on the hydrophobic wafer are shown in (Figure 4A), the second
set of 30 curves is displayed in (Figure 4B), the curves on the
hydrophilic wafer are not shown, since they do not differ from
those shown in (Figure 7B). The characteristic features of the
first set of curves on the hydrophobic wafer is perfectly repro-
duced by the second set, though in between, the surface energy
of the adhesion partner (the hydrophilic surface) was reduced
by a factor of three (c.f. Table 1). Hence, as the shape of the
force/distance curves is that robust (surviving 150 contact
events and surviving even a change of the type of substrate),
these results already demonstrate that force/distance measure-
ments are characteristic for the individual bacterial probe and

are therefore most suitable to characterize bacterial adhesion.

Next, we explore the influence of the AFM force spectroscopy
parameters on the force/distance curves. The tip (or rather the
piezo drive) velocity was varied between 400 nm/s and

2400 nm/s, yet no significant influence on the adhesion force
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Figure 3: Test of artifacts of AFM force/distance curve with and without bacterium, each taken under the same conditions: (A) Bare (poly)dopamin-
coated cantilever force/distance curve. (B) The same cantilever as in (A), yet after attachment of a bacterium. (C) A second cantilever with bacterium
and its characteristic force/distance curve. (D) Force/distance curve after detaching the bacterium of the experiment shown in (C).
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2
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Figure 4: A-D: Overlay of 30 force/distance curves of three individual S. carnosus probes I, Il and Il on hydrophobic Si wafers, each with a force
trigger of 150 pN. Between the experimental series shown in A and B, a set of 30 force/distance curves was taken with the identical bacterial probe on
a hydrophilic Si wafer (not shown), yet the characteristic form of the second set of force/distance curves did not change significantly.

was recorded (Figure 5A). By varying the tip velocity, we
implicitly varied the time the bacterium is enabled to gain
contact to the surface. Within the range probed, the contact time
(estimated to be of the order of a fraction of a second) does not
influence the adhesion force. The snap-in separation, however,
decreases with increasing tip velocity (Figure 5B), as does the
snap-in force (Figure 5C), which is a first indication to a time-
dependent contact-process, which will be detailed in the
following. For further measurements, a tip velocity of 800 nm/s
is used, since for that speed, one force/distance curve of 800 nm
ramp size takes 0.5 Hz, which is a convenient frequency and
corresponds to frequencies used in other studies [25].

Increasing the force trigger results in a slight increase of the
adhesion force (Figure 6A), whereas the snap-in separation as
well as the snap-in force remained constant (Figure 6B and
Figure 6C). In the following, the lowest force trigger of 150 pN
was used in order to mimic the natural adhesion process of the
bacterium in planktonic state.

With the parameters for single cell force spectroscopy as
detailed above, we can now specify the large differences in the
adhesion of S. carnosus to hydrophobic and to hydrophilic
surfaces, c.f. Figure 7A and Figure 7B: On the hydrophobic
surface, a clear snap-in event is detectable, followed by a large

1505



g 15FA -

Ke)

C T

o 3 ; [

= 1.0t ;

2 A B ¥

e

®

. 0.5¢ 1

=

—

O

Z 0 1 1 1 1 1 1
400 800 1200 1600 2000 2400

Tip velocity /nm/s

o 15rC 1

o

L .

% 1.0f ¢ o

Q. T é w

e ¢ !

® o5t ]

£

)

Z

400 800 1200 1600 2000 2400
Tip velocity /nm/s

Beilstein J. Nanotechnol. 2014, 5, 1501-1512.

c . . . . . .
S 15rB y
o

S i

B1of o a 1
& ¢

T (5} + + ]
(2}

£

—

(o) 0 . " . . . .
Z 400 800 1200 1600 2000 2400

Tip velocity /nm/s

Figure 5: Influence of the tip velocity on the adhesion of S. carnosus shown for five different cells. For each bacterium, values for adhesion force (A),
snap-in separation (B) and snap-in force (C) are shown. The values are normalized to the value of the measurement with the lowest tip velocity

(400 nm/s). Different colors represent different bacterial probes.

adhesive peak upon retraction. On the hydrophilic surface,
however, neither of the two can be recorded. It is important to
note that the two curves depicted in Figure 7A and Figure 7B
were taken under identical external conditions (temperature,
buffer), the same AFM force spectroscopy parameters (force
trigger, tip velocity) and, most significantly, were recorded with
the same bacterium. Figure 7C demonstrates the individual
adhesive properties of different bacteria. Gray bars comprise
data of the exact same bacterial probe on the two different
surfaces. The data of Figure 7A and Figure 7B are taken from

the set of curves summarized in bar I.

Obviously, the adhesive mechanism of S. carnosus on
hydrophobic OTS surface differs strongly from that on a
hydrophilic Si wafer, as the adhesion of S. carnosus to
hydrophilic Si wafers is barely resolvable. From force spec-
troscopy measurements with multiple bacteria as AFM probes
(30-50 bacteria), we learned that on hydrophilic silicon oxide
surfaces, the adhesion force is roughly an order of magnitude
lower than on OTS-Si wafers [13]. Hence, the adhesion force of
a single bacterium on a hydrophilic surface is expected to be
below the experimental resolution (about 50 pN), which

explains the present results.

What is the difference of bacterial adhesion to hydrophilic or
hydrophobic surfaces? Adhesion is the sum of all forces
between the interacting partners. In our case, van der Waals and
electrostatic forces as well as forces due to the hydrophobic
interaction are involved [26]. Since hydrophilic and
hydrophobic Si wafers differ in composition only by a 2.6 nm
thin OTS-monolayer on the surface, the van der Waals forces
are nearly identical [13,27]. Forces due to electrostatic interac-
tions between the negatively charged bacterium and the two
types of wafer surfaces, which are both negatively charged
(Table 1), are repulsive. Since the streaming potential is 20%
more negative on the hydrophilic Si wafer, different electro-
static interactions give rise to a difference of adhesion forces of
only a factor of 1.2, yet we record differences in the range of
factors 10 to 40 (Figure 7C). Therefore, we hypothesize that the
adhesion of S. carnosus is governed by hydrophobic interaction.

Inspecting the snap-off event in more detail, not only the large
extent is striking but also the reproducible, stepwise reduction
of the recorded force (see Figure 4). This is a strong indication
of a reversible fold-and-stretch mechanism of the involved
macromolecules. It is known that the bacterial surface is

covered by a variety of proteinaceous and non-proteinaceous
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Figure 6: Influence of the force trigger on the adhesion of S. carnosus. A—C: For four bacterial probes, values for adhesion force, snap-in force, and
snap-in separation are normalized to the value of the measurement with the lowest force trigger (150 pN). D: Exemplary force/distance curves for the
exact same bacterial probe for three different force triggers. Different colors represent different bacterial probes.

polymers that can mediate adhesion (adhesins) [28,29]. The
form of the retraction part can therefore be explained by a
parallel and simultaneous stretching of cell wall proteins teth-
ered to the surface as the piezo retracts [25,30].

Proteins are known to adsorb differently to hydrophilic and
hydrophobic surfaces since the hydrophobic interaction can in-
duce intramolecular conformational transitions and change the
orientation of hydrophobic side groups of proteins [31-35]. This
has also been shown by surface forces apparatus (SFA) experi-
ments [36-38]. The range of the hydrophobic interaction
depends on the correlation length of water molecules, which is

below 1 nm [39]. Therefore, bacterial surface proteins have to

come that close to the OTS surface in order to interact attrac-
tively. The SFA studies showed that the more hydrophobic the
interacting partners (protein/surface) are, the stronger is the
adhesion force.

An influence of further nonproteinaceous cell wall components
(like teichoic acids) cannot be excluded and it will depend on
the hydrophobicity of these components. However, proteins will
play the key role in adhesion to hydrophobic surfaces due to
their strong hydrophobic parts. Therefore, we will only talk
about cell wall proteins in the following, but are aware of the
fact that also other hydrophobic macromolecules may

contribute to adhesion. For S. aureus for example, teichoic acids
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Figure 7: Exemplary force/distance curve taken with a single S. carnosus probe on (A) a hydrophobic OTS-covered Si wafer and on (B) a hydrophilic
Si wafer. The insets summarize the results of the adhesion force of 30 force/distance curves. (C): Mean adhesion force and standard deviation
showing the result of at least 60 force/distance curves of four S. carnosus (I-1V) measured on hydrophobic OTS-covered and on hydrophilic Si wafers,
covered by a natural SiO,. Each of the four bars represents measurements of the exact same bacterial probe.

are reported to be strongly hydrophilic [40]. Our model of
bacterial adhesion, which will be proposed in the following,
however, is not depending on the exact type of adhesive medi-

ator.

Figure 8 A summarizes the results of the measured adhesion
forces for 30 different bacterial probes. It contains the OTS-
wafer data shown in Figure 7C. For an individual S. carnosus
bacterial probe on an OTS-wafer, the distribution of adhesion
forces is rather narrow, the width of the distribution is typically
less than 10% of the average adhesion force, as depicted in the
inset of Figure 7A. Comparing different S. carnosus probes as
shown in Figure 8A, the adhesion forces vary between 400 pN
and 3000 pN, with the average at 1500(800) pN (solid line).

Inspecting the approach curve, it is noticeable that also the
“snap-in” is an extended event rather than a sudden jump-to-
contact (a jump-in or -out can be recorded whenever the

gradient of the force exceeds the gradient of the restoring force

of the cantilever (i.e., the spring constant) [24]). A closer look
at the snap-in events reveals that the snap-in force is propor-
tional to the snap-in separation (Figure 8B) and that the form of
the curves greatly resemble each other. Moreover, since the
adhesion force is also proportional to both, the snap-in force
and -separation, see Figure 8C and Figure 8D, we deduce that
the involved mechanisms are identical. Hence also upon ap-
proach, cell-wall polymers are involved in establishing the
contact to the hydrophobic Si wafer. The snap-in separation
reaches values up to 50 nm on hydrophobic surfaces, and can
hence serve as an estimate for the hydrodynamic radius of the

bacterial cell-wall proteins.

Based on the recently published genome sequence of
S. carnosus strain TM300 (deposited in the EMBL nucleotide
database under accession number AM295250), 19 putative cell-
wall anchored proteins harboring LPXTG motifs are predicted,
including homologues of well-studied S. aureus adhesins such

as clumping factor A and B, fibronectin binding protein, and
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elastin binding protein (cf. [5]). However, nothing is known
about the structures and the lengths (e.g., hydrodynamic radius
under in vivo conditions) of these putitative cell-wall proteins,
making it difficult to correlate the measured adhesion
phenomena to specific proteins.

We can now revisit the presented results on the influence of the
tip velocity (Figure 5) and the force trigger (Figure 6) to the
adhesion process: The long cell-wall polymers need time to
come into contact with the surface. The search for contact is a
stochastic process; a higher tip velocity thereby results
theoretically in a smaller snap-in separation because the resi-
dence time in each separation, and therefore the probability that
a protein comes into contact in a certain distance, is smaller.
Moreover, the polymer needs also time to perform con-
formational changes in the vicinity of the surface. Both time
windows are reduced at higher tip speeds and, hence, the dis-
tance at which the cantilever starts to deflect, the snap-in sep-
aration, is reduced. The snap-in force is reduced, since the
deflection of the cantilever is smaller at the lowest point of the

approach curve.

Upon retraction, a variation of the tip velocity probes the rheo-
logical properties of the involved group of (stretched) macro-
molecules, which may also interact collaboratively [41]. Since
for the group of cell-wall proteins, no rheological data is avail-
able, a prediction for the tip-velocity-dependent behavior is not
possible. We find that the adhesion force is constant within the
applied variation of tip velocities; moreover, snap-in and snap-
off events are highly reproducible. Both together strongly indi-
cate that at these speeds, the macromolecules act elastically.
These findings are also in accordance with the study of Alsteens
et al. [25], in which “protein nanosprings” are one model
description of microbial adhesins.

According to our model of S. carnosus adhesion, a higher force
trigger should provoke a larger contact area, a closer contact
and involve additional cell- wall polymers to tether. All of
which should result in a higher adhesion force and a different
form of the retraction curve. The snap-in event, however,
should not be affected. The experiments reveal that indeed
snap-in separation and force are independent of force trigger,
c.f. Figure 6B and Figure 6C and the adhesion force is
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increasing as expected Figure 6A. Also, for each force trigger
(as well as for each S. carnosus bacterial probe), a character-

istic set of force/distance curve can be recorded (Figure 6D).

Merging all experimental results, we propose the model
sketched in Figure 9: Upon approach, Figure 9A, the cell-wall
proteins interact with the surrounding medium (1) and, if at
reach, with the surface (2). If an attractive surface is in the
vicinity, parts of the proteins can tether (unspecifically in our
case) to the surface. Tethering can start at distances below
50 nm, c.f. Figure 8B and Figure 8C. The experiments show
that this is the case for hydrophobic wafers. The distance of
50 nm can, hence, serve us as an upper estimate for the coil size
of the protein in solution. A further approach gives more
proteins the opportunity to tether (3) until a point is reached, at
which the maximum attractive force is reached (4). From now
on, the proteins start to act as elastic springs that are
compressed by the force exerted by the cantilever through the
piezo drive. Nevertheless, also in this phase, additional proteins
may tether. Approach is stopped shortly after zero force has
been reached (5).

Upon retraction, Figure 9B, first, the elastic springs are released
(6), achieving the same slope in the curve as during approach. It
indicates a reversible fold-and-stretch mechanism of multiple
chains. Then, some of the springs start to be stretched against
the steric repulsion of the coil (7) [36], followed by a loss of
contact of single macromolecules, each of which gives rise to a
sudden jump in the force/distance curve (8) and (9) until the
entire bacterium has lost contact (10). Depending on type and
number of the involved proteins, the retraction curve looks
different for every bacterial probe, a fact that has been found
earlier in non-bacterial systems involving macromolecules
[30,36-38]. For the exact same bacterial probe and the identical
contact area (realized by an identical force trigger) and even if
30 approach/retraction cycles have been performed on a
different surface, the form of the force/distance curve is charac-
teristic and can be taken as a “fingerprint” for the individual

cell.

Conclusion

To conclude, our experiments strongly corroborate the model
that the unspecific adhesion of S. carnosus is mainly governed
by number, properties and arrangement of the bacterial cell-wall
proteins. Through this, the proteins are subject to van der Waals
and electrostatic forces as well as forces due to hydrophobic
interaction. Comparing hydrophilic and hydrophobic Si wafers
(in our case differing only in a monomolecular OTS layer), we
find for the exact same bacterial probe strong adhesion of
S. carnosus to the hydrophobic wafers (up to about 3000 pN)
and low adhesion (close to the experimental resolution, about
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Figure 9: Sketch of approach (A) and retraction (B) of a single bacte-
rial probe and respective force/distance curves. For clarity, neither the
AFM cantilever nor the macromolecules that are not involved in adhe-
sion are drawn.

30-50 pN) to the hydrophilic ones. From that we infer that the
hydrophobic interaction is responsible for the strong adhesion
on the hydrophobic wafers, exceeding the forces exerted by
electrostatic and van der Waals forces by at least an order of
magnitude.

The main observations are (i) the form of the force/distance
curves is characteristic for each bacterium, (ii) this form is inde-
pendent of the “adhesive history” and (iii) the retraction curves
(including the adhesion forces) are unaffected by the tip veloci-
ties probed. These observations lead us to the conclusion that
cell-wall proteins act as elastic springs. Since the separation at
which the cantilever starts to deflect, the snap-in separation,
reaches values up to 50 nm on hydrophobic surfaces, we can
estimate the extension of the cell-wall proteins.

Aiming at understanding the detailed form of the force/distance
curves, it is inevitable to shed more light onto the “real” molec-
ular composition of the bacterial surface, possibly with the help

of atomistic simulations. For future studies, single-cell force
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spectroscopy can additionally be combined with genetic tools

that enable us to specifically modify the composition of the cell-

wall proteins. That way, the responsible adhesins can be identi-

fied for each of the bacterial species.
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Abstract

In the present paper we propose a generalization of the model developed in Afferrante, L.; Carbone, G.; Demelio, G.; Pugno, N.
Tribol. Lett. 2013, 52, 439-447 to take into account the effect of the pre-tension in the tape. A detailed analysis of the peeling
process shows the existence of two possible detachment regimes: one being stable and the other being unstable, depending on the
initial configuration of the tape. In the stability region, as the peeling process advances, the peeling angle reaches a limiting value,
which only depends on the geometry, on the elastic modulus of the tape and on the surface energy of adhesion. Vice versa, in the
unstable region, depending on the initial conditions of the system, the tape can evolve towards a state of complete detachment or
fail before reaching a state of equilibrium with complete adhesion. We find that the presence of pre-tension in the tape does not
modify the stability behavior of the system, but significantly affects the pull-off force which can be sustained by the tape before
complete detachment. Moreover, above a critical value of the pre-tension, which depends on the surface energy of adhesion, the
tape will tend to spontaneously detach from the substrate. In this case, an external force is necessary to avoid spontaneous detach-
ment and make the tape adhering to the substrate.

Introduction

The understanding of adhesion of thin films is of prominent
importance in a huge number of biological and biomechanical
applications. As an example, the extraordinary adhesive abili-
ties characterizing the hairy attachment systems of insects,
reptiles and spiders have drawn significant research efforts

aimed at reproducing such properties in artificial bio-mimetic

adhesives [1-3]. In nature, many adhesive systems consist of
arrays of hierarchical hairs or setae, enabling large contact areas
and hence high adhesion owing to the van der Waals inter-
action forces [4]. This morphology enables many insects,
spiders and some vertebrates to climb on almost any surface,

from smooth ones to cinder block-like surfaces [5]. In this
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respect, it has been shown in [6,7] that the highly flexible
terminal spatula elements, which behave as compliant
contacting surfaces, play a crucial role in the adhesion. Many
efforts have been taken trying to reproduce these structures to
enhance adhesion and realize bio-inspired systems that could be
employed, for example, in industrial material processing or as
innovative smart solutions in structural design [8].

For these reasons, the mechanism of adhesion and detachment
of systems such as thin films have been investigated by many
experimental [9-13] and theoretical [3,14-24] approaches.
However, many issues are not yet clear and our knowledge on
this topic is still far from being complete. For example, in spite
of several theoretical investigations about rough contact
mechanics [25-29], the role of roughness in this kind of systems
is not yet well understood. Furthermore, viscoelasticity, which
entails prominent effects in terms of friction and contact
anisotropy [30,31], has not yet been included in analytical and
numerical models. In nature, on the other side, geckos exhibit
extremely high adhesive performance also on rough substrates.
The secret of this amazing behavior is mainly related to the
fibrillar hierarchical geometry of the adhesion pads that makes
these structures very compliant, despite the fact that they are
usually constituted mainly of a relatively stiff material, namely
B-keratin. The study of the mechanism of detachment of thin
films can also help to elucidate some aspect of insects and, in
particular, gecko adhesion. To avoid toe detachment, the gecko
often employs the use of opposing feet and toes leading to a
V-shaped geometry [9,10,32-35], which can be modelled by
multiple-peeling schemes, as shown in [15,17,36], in which,
based on the ground-breaking analysis proposed by Kendall
[37], the crucial role of the spatula-shaped terminal elements in

the biological hairy adhesive systems is pointed out.

In this paper, we focus our attention on some yet unclear
aspects of the peeling process and, in particular, on the stability
of this mechanism in presence of a pre-tension.

The peeling process of a thin elastic tape

In this section, we extend the formulation given in [36],
focusing our attention on the stability analysis of the peeling
process and on the effect of pre-tension on the mechanism of
detachment. The formulation of the problem is developed
considering two different initial configurations of an elastic tape
with cross section 4 = bt, as shown in Figure 1. In the first con-
figuration (Figure 1a) a portion of the tape length % is not at-
tached to the substrate and it is rotated before applying the
external force P. In the latter (Figure 1b) the tape has to be
stretched by a quantity 4 before loading. In both cases, the tape
can be pre-tensioned before being attached to the substrate.

Incidentally, this loading procedure, with the force acting along

Beilstein J. Nanotechnol. 2014, 5, 1725-1731.

the vertical axis and the edge of the tape being constrained to
move along the same direction, is interesting because the
double-peeling mechanism, due to symmetry, can be reduced to
a scheme of this type [36].

Figure 1: Double peeling of a tape. Initial configuration (a): a length h
of the tape is not attached to the substrate and it is rotated before
applying the external force P; initial configuration (b): the tape is
stretched of a quantity h before loading.

During the peeling process the non-contact area is modeled as
an interfacial crack, which determines the peeling advance as it
propagates. The tape is assumed to be linearly elastic and

incompressible.

A vertical force P is applied to the edge of the tape, as shown in
Figure 1, and increases the length of the tape by a quantity

AL:(a+h)N:(a+h)( 'P _P0j7 M
Ebt Ebt | sin0

where N = P/sinf — Py is the normal force acting along the tape

axis, Py is the pre-tension and E is the Young modulus.
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The change of the elastic energy stored in the system is

1( P
Uy=— 4R |aL
e 2(sin6 Oj

and the potential energy, which is the opposite of the work done

1 (a+h)[ P? )
_1{ath) ——-F |, @

by the external force P, is

Up =—P(a+h+AL)sin9

3
=—P(a+h)sin9{1+L{ kil —Poﬂ. ®
Ebt \ sin 0

Equilibrium requires the stationarity of the total energy Uiy,

i.e., according to the Griffith criterion

G=Ay, )

where Ay is the Dupré energy of adhesion [38], and G is the
energy release rate at the crack tip, defined as

G:_ %.}.% (5)
os oS )’

when the external load P is given. In Equation 5 S is the
detached area.

Before solving the problem it is convenient to introduce the

following dimensionless quantities

(6)

where we have defined 6 through the relation 6 + A= (a + h +
AL) sinf. From Equation 5 we obtain the following expression

for the dimensionless energy release rate

PR, P? B}
. . + - 5 +
sin 0 sin® 2sin20 2

where we have used the geometric condition a = (@ + & + AL)

cosH (see Figure 1), leading to
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®)

Note that Equation 7 is coherent with what was found in [39]
for the single peeling of a pre-tensioned tape. Finally, from
Equation 4 and Equation 7 the load P can be related to the
peeling angle 0.4 at equilibrium and the corresponding dimen-
sionless vertical displacement § takes the form

. oUy U
§+1=—| =L+ =L
op opr )
. " (€
B P+sin@—Fysin0

- l—cose—(ﬁcote—ﬁo cosO) .

Results and Discussion

In this section we discuss the influence of the pre-tension on the
peeling process while paying particular attention to the detec-
tion of the critical transition thresholds between different
regimes of detachment.

Stability analysis of the peeling process

Figure 2 shows the dimensionless peeling force P (Figure 2a)
as a function of the peeling angle 0cq at equilibrium, and the
relative dimensionless total energy U (F igure 2b) at a given
load P = P as a function of the peeling angle (even out of equi-
librium). We observe that, for the considered case, given the
applied load, two equilibrium states exist: one in the region
hla > 0 (corresponding to the tape configuration shown in
Figure 1a), and the other in the region /#/a < 0 (corresponding to
the configuration in Figure 1b). In the latter case (h/a < 0), the
equilibrium (dashed line in Figure 2a) is unstable since it corre-
sponds to a maximum of the total energy U (see Figure 2b).
Vice versa, in the region h/a > 0, the total energy U takes a
local minimum at the peeling angles solving Equation 4 and,
therefore, the corresponding configurations (solid line in
Figure 2a) are stable.

In order to investigate what happens at a fixed pull-off force
pP=P , when the system is initially in non-equilibrium condi-
tions, let us consider the starting configurations 4, B, C and D
shown in Figure 2a. Starting from point 4, the tape evolves
towards smaller and smaller peeling angles in order to mini-
mize the total energy. At the end of this process, the peeling
angle vanishes. Really, such a configuration cannot be reached

because for the vertical load P to be balanced an infinite stress

1727



Beilstein J. Nanotechnol. 2014, 5, 1725-1731.

T
h/a=0

-0.02

-0.04

-0.06

1
0 0.25 0.5

1 1
0.75 1 1.25 1.5

eq [rad]

Figure 2: The dimensionless peeling force P as a function of the peeling angle B¢ at equilibrium (a); the total energy U as a function of the peeling
angle 6 even out of equilibrium (b). For a fixed peeling force, depending on the initial configuration of the tape, the system can evolve towards states
of partial adhesion (points C and D), complete detachment (point B) or can fail before reattaching to the substrate (point A).

in the tape would be necessary. Therefore, the tape will fail
before adhering to the substrate. On the contrary, when the
system starts from point B, the tape peeling angle increases until
the red curve is touched and, as a result, the complete detach-
ment of the tape occurs.

When the system initially moves from a non-equilibrium con-
figuration in the region on the right side (points C and D), it will
be always able to reach a stable equilibrium with a finite
detached area, corresponding to the local minimum of the total
energy.

The above results lead to the conclusion that solutions corres-
ponding to the dashed curve of Figure 2a are physically admis-
sible only when the tape is initially stretched (see Figure 1b).
However, they are unstable. In fact, depending on the starting

conditions, a small perturbation can bring the tape to failure
(point 4 of Figure 2a) or to complete detachment from the sub-
strate (point B of Figure 2a). In particular, the condition 4#/a =0
defines a boundary that separates stable and unstable regions.
Notice these results are coherent with what was found in [36].

Effect of pre-tension

First of all, we observe that the presence of a pre-tension Py
does not modify the conclusions of the stability analysis in the
above section. The pre-tension Py only affects the boundary
h/a = 0 between stable and unstable regions. Figure 3 shows the
dimensionless pull-off force P as a function of the peeling
angle Oqq at equilibrium, for different dimensionless values of
130. Again, unstable solutions are plotted with dashed lines, and
the stable ones with solid lines. Note that the maximum pull-off

force P that can be sustained by the tape increases with the pre-
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Figure 3: The dimensionless peeling force P as a function of the peeling angle B¢ at equilibrium, for different values of the dimensionless pre-

tension Fy. The pre-tension generally increases the pull-off force at low peeling angles.
Figure 4 shows the variation of the dimensionless displacement
§ with the peeling angle 04 at equilibrium. Stable solutions are
plotted with solid lines, the unstable ones with dashed lines. The
displacement diverges as the peeling angle approaches 6jiy,, so
at the maximum pull-off force the corresponding displacement
is infinite, and this explains why with a finite force we can
detach a tape of infinite length. Observe that at 0.4 = 0 the term
8 + h necessarily vanishes and, thus, 5§ =-1. Moreover,
Figure 4 shows that on the unstable branches (dashed lines) the

tension 160= and correspondingly the lower bound 6yj;, of the

peeling angle, at which the pull-off force takes its maximum
value, reduces. However, a critical value l% o =247 of the

pre-tension can be identified, above which the tape spontan-
eously detaches without applying any external vertical force.
Indeed, when the pre-tension 130 exceeds the threshold £ ., the

tape spontancously detaches. Interestingly, in this case, finite
values of the pull-off force P are necessary to make the system

adhering to the surface. Furthermore, above é),cr the peeling
dimensionless displacement § < —1. This means that on the

angle cannot exceed a critical value 0.

Po=0.016 <P,

035 0.4 045 0.5

0.05

Figure 4: The dimensionless displacement § as a function of the peeling angle Beq at equilibrium, for different values of the dimensionless pre-
1729

tension F.



unstable branches the quantity /4 is negative, and the configur-

ation of the tape is the one represented in Figure 1b.

Conclusion

The mechanism of detachment of an elastic thin tape adhering
to a rigid substrate has been investigated, generalizing the
model proposed in [36] with the incorporation of pre-tension in
the tape and by performing an equilibrium stability analysis.
Two equilibrium states are found: one being stable, the other
being unstable. The two regimes strictly depend on the initial
conditions of the system. In particular, solutions on the unstable
branch are possible only when the tape is locally stretched
before applying the pull-off force. In this case, if the starting
point is at the left side of the unstable curve, in order to mini-
mize the total energy, the peeling angle decreases until it
vanishes. At the same time, in order to balance the applied
vertical load, the stress in the tape increases and at zero peeling
angle it should diverge. However, the tape, not being able to
support infinite loads, necessarily fails before the new full adhe-
sive equilibrium state can be reached. If the starting condition is
at the right side of the unstable curve, the tape evolves towards
a new state involving complete detachment.

Pre-tension does not change the above conclusions on the equi-
librium stability. However, a pre-tensioned tape can sustain
higher values of the pull-off force, before complete detachment.
Interestingly, we find that above a critical value of the pre-
tension, the tape cannot spontaneously adhere to the substrate,
and an external load is therefore necessary to prevent spontan-
eous detachment.
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Abstract

Animal attachment to a substrate is very different in terrestrial and aquatic environments. We discuss variations in both the forces
acting to detach animals and forces of attachment. While in a terrestrial environment gravity is commonly understood as the most
important detachment force, under submerged conditions gravity is nearly balanced out by buoyancy and therefore matters little. In
contrast, flow forces such as drag and lift are of higher importance in an aquatic environment. Depending on the flow conditions,
flow forces can reach much higher values than gravity and vary in magnitude and direction. For many of the attachment mecha-
nisms (adhesion including glue, friction, suction and mechanical principles such as hook, lock, clamp and spacer) significant differ-
ences have to be considered under water. For example, the main principles of dry adhesion, van der Waals forces and chemical
bonding, which make a gecko stick to the ceiling, are weak under submerged conditions. Capillary forces are very important for wet
adhesion, e.g., in terrestrial beetles or flies, but usually do not occur under water. Viscous forces are likely an important contributor
to adhesion under water in some mobile animals such as torrent frogs and mayflies, but there are still many open questions to be
answered. Glue is the dominant attachment mechanism of sessile aquatic animals and the aquatic realm presents many challenges to
this mode of attachment. Viscous forces and the lack of surface tension under submerged conditions also affect frictional interac-
tions in the aquatic environment. Moreover, the limitation of suction to the pressure difference at vacuum conditions can be amelio-

rated under water, due to the increasing pressure with water depth.

Introduction

Attachment in animals, plants and microorganisms serves a  strate, and forming a stable platform for copulation, feeding,
variety of functions: the interconnection of body parts, fixation phoresy, parasitism or predation [1,2]. Here we focus on attach-
of the whole animal, a locomotor structure, or eggs to the sub-  ment of animals to stiff, solid substrates under two biologically
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relevant conditions — in a dry or humid environment (terrestrial)
in comparison to completely submerged in water (aquatic). Our
aim is to provide a framework for considering these two condi-
tions of attachment. We will contrast the forces that act to
dislodge an attached organism in submerged and emerged envi-
ronments and distinguish between the attachment forces in these
disparate arenas. The difference between a submerged attach-
ment event and one that is dry is neither clear-cut nor simple.
Consider the classic example of a toe of a gecko adhered to a
leaf. On its face, this is a case of terrestrial adhesion, but
depending on humidity there could be a monolayer of water on
the surface of the leaf, or there might be a patch of standing
water on the leaf after rainfall. Even in this terrestrial example,
there is the possibility of submerged mechanics applying at
some size scale. Similarly, there are cases in the fully
submerged environment where terrestrial mechanics might
apply. For example, when spiders bring with them a ball of air
as they dive beneath the surface, or when two superhy-
drophobic surfaces interact underwater. Therefore, the first task
that we face is to make clear what we mean as we try to distin-
guish between these two environments, while also keeping in
mind that there is a continuum and counterintuitive exceptions

to the framework we are proposing.

For our purposes, a terrestrial environment has air as surround-
ing fluid. However, the air can be completely dry or rather
humid. Therefore, effects of water can play some role in a
terrestrial environment, especially in form of capillary forces.
The aquatic or immersed environment is one in which water
surrounds the organism completely, or at least the entire attach-
ment organ and the attachment surface. Here, water plays a
central role and must be considered to be surrounding and sepa-
rating the two surfaces brought into contact. Some unusual
immersed attachment examples might be an insect stepping into
a droplet of water sitting on a branch. The size scale of the
droplet is such that the entire attachment process is occurring
underwater. However, in this very example we can see a gray
area in that the foot has recently been dry, so the tendency of air

to surround the attachment organ as it penetrates the droplet

Beilstein J. Nanotechnol. 2014, 5, 2424-2439.

may be important. Our generalizations about aquatic environ-
ments apply when the foot of the insect brings none of the

terrestrial environment with it into the aquatic environment.

The natural world is replete with examples of aquatic attach-
ment and terrestrial attachment in the sense that we propose. In
the terrestrial realm, virtually every case of arthropod attach-
ment, from flies on ceilings to a spider dancing on a web is an
example. There are examples in diverse taxa, including sucto-
rial bats, several variations of lizards, and countless beetles,
spiders and ants. In every stream, there are mobile larvae that
spend their lives attaching to the substrate. These insects are
ruled by the water forces imposed by local flow conditions.
There are vertebrate examples in waterfall climbing gobies and
frogs, and echinoderms that adhere in the intertidal zone. In
short, though there is certainly a continuum between aquatic
and terrestrial conditions, the vast majority of biological adhe-
sion takes place in a system dominated by one extreme or the
other.

Review

Forces that act to dislodge

Attachment to the substrate is aimed at either locomotion or
staying in place [3]. For either purpose, the animal has to over-
come forces acting to dislodge it, and it is in the nature of these
forces that terrestrial and aquatic systems vary widely. The
forces are not the same in terrestrial systems compared with
aquatic ones in either scale or type (Table 1). While in terres-
trial systems gravitation is the most relevant, in aquatic systems
gravity is mostly cancelled by buoyancy. In contrast, in aquatic
systems flow forces such as drag and lift are very important
while they are seldom substantial in terrestrial systems. The
magnitude of these forces varies by environment and so does
the direction: while gravity always acts only in the direction of
the earth, drag pushes the animal across the surface, and lift can
pull it off regardless of orientation (Figure 1). Moreover, aquat-
ic flows are often variable in magnitude and direction on very
short time scales. In running waters and some directed marine

currents there is a general main flow direction, while the waves

Table 1: Forces of detachment in terrestrial and aquatic environments. Relative importance: f — usually important, x — usually not important.

terrestrial aquatic direction magnitude determining parameters
gravity v X predictable predictable mass, acceleration of gravity
buoyancy p_ 4 v predictable predictable volume, density
inertial forces v v unpredictable unpredictable mass, acceleration
lift and drag forces, X v unpredictable unpredictable shape and size, orientation, velocity,

acceleration reaction force

fluid density and viscosity
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Figure 1: A) Green dock beetle Gastrophysa viridula as an example
for terrestrial attachment (image: Stanislav Gorb, reproduced with
permission by the author), B) Mayfly larvae Epeorus attaching to a
substrate in running water (image: Petra Ditsche). Arrows show the
direction of the most important forces acting on the animals.

in the marine intertidal move the water in different directions
with high frequency. In many cases, water flow is not laminar
(laminar means particles do not cross streamlines) but rather
turbulent, with sudden, stochastically determined changes in
direction [4]. There are also important issues of scaling to
consider that some detachment forces will scale with the cube
of animal length while others scale with the square.

In both the terrestrial and the aquatic environment the attach-
ment event is surrounded by fluid, in one case air and in the
other water. Air and water have different properties that have
several consequences for the organisms living in these fluids
[5]. Three principle factors have a significant effect on the types
of forces acting to dislodge attached organisms. The first is
density; water is around 1000 times denser than air, which
means that both inertia and buoyancy are very different in these
two fluids (Table 2). Second, air has just around 1.8% of the
(dynamic) viscosity of water, which affects the scale of forces
between the fluid and the organism. Thirdly, water is a polar
liquid while air is a largely inert gas. This difference has
profound effects on physicochemical interactions in the dry and
in the wet environment.

Gravity
Gravity is usually the most important force acting on the attach-
ment of terrestrial animals. The gravitational force on an organ-

ism is simply

Table 2: Density and viscosities of air and water at 20 °C.

parameter unit air

density [kg/m3] 1.205
dynamic viscosity [Pa-s] 18.08 x 1076
kinematic viscosity [m?/s] 15.00 x 107®

Beilstein J. Nanotechnol. 2014, 5, 2424-2439.

F,

g=Mm&

(M

and always acts in the direction of the centre of the Earth
(g: gravitational acceleration). The magnitude of the gravita-
tional force (Fy) scales with the mass of the organism (m) and
therefore with the cube of any length parameter. The magni-
tude of the gravitational force is the same in terrestrial and
aquatic environments and, for biological purposes, it is constant
regardless of time or place. Gravity is the archetype for a
predictable force, though the frame of reference of the organ-
ism does not always point in the ventral direction. In Figure 1,
the beetle is attached to a substrate above it and the gravita-
tional vector points almost exactly opposite to the attachment
force.

Buoyancy

The density of water (py,) is much higher than the density of air
and is closer to the typical density of living organisms (p,), so
buoyancy can substantially offset the gravitational force in the
aquatic environment whereas in the terrestrial environment it is
usually negligible. The buoyant force (£},) always acts in the
opposite direction to the gravitational force and is defined as

Fyo=(pa—Pw)V-g @)

Buoyancy, like gravitational force scales with the cube of a
length parameter because it scales with the displaced volume
(V). Tt varies little with time and in space as neither density nor
volume typically vary rapidly. There are interesting exceptions
to this rule of thumb that have implications for attachment.
Organisms with an air compartment in an aquatic environment
must deal with changes in volume imposed by the ideal gas law.
The volume of the compartment will vary locally with pressure
and temperature. For organisms able to transit the first 10 m of
depth in an aquatic environment, this is a 50% decrease in
volume when descending or a doubling when ascending. This
implies a similar change in the buoyant force while the offset-
ting gravitational force would remain the same. Under some
conditions, it is possible to have the buoyant force exceed
gravity. This positive buoyancy can require an organism to

freshwater saltwater
0.998 x 103 1.024 x 103
1.002 x 1073 1.072 x 1073
1.004 x 1076 1.047 x 107
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attach to an underwater substrate just to keep from floating to

the surface.

Inertial forces

For an animal sitting on a leaf moving in the wind, an insect
landing on a substrate, a clingfish attaching to kelp moving in
the current, or simply during walking on a substrate, inertial
forces contribute to detachment. Whether the surface or the or-
ganism is in motion, there are forces associated with changes in

velocity

F=m-a 3)

The direction of inertial forces (Fj) is determined by direction of
the acceleration vector, and the magnitude is dependent on both
mass (m) and acceleration (a). The dependence on the mass
implies a scaling coefficient of the cube of a length parameter,
but the picture is complicated by the nature of the scaling of
acceleration. Although the rules for the scaling of acceleration
are not well-described, in many systems there is an inverse
scaling such that very high accelerations are found in very small
systems. There is no equation for the scaling of inertial forces
that takes into account both acceleration and mass (although see
[6] for some special cases that are well-described). Neither the
direction nor the magnitude of inertial forces is affected by
water, so they are the same in both in aquatic and terrestrial
environment. The predictability of inertial forces is linked to the
predictability of acceleration and it is difficult to make a case
that this will vary with environment.

Flow forces

In aquatic systems drag and lift forces are the most important
forces acting on an attached organism [4,7,8]. Drag and lift
have several causes and depend on a variety of parameters.
They are both highly variable in magnitude and direction and,
thus, hard to predict. Drag is a force due to fluid movement that
acts in the direction of the free stream flow. It has two compo-
nents, friction drag (or skin friction) and pressure drag (or form
drag), which both depend on shape and fluid parameters but in
quite different ways [4]. Friction drag is caused by friction of
the water flowing over the surface of the animal body. It varies
directly with the viscosity of the fluid [4] and the wetted surface
area of the organism. Pressure drag is caused by the wake
formed downstream of an animal. This turbulent wake creates a
low pressure zone downstream of the animal [9]. Friction drag
is proportional to the product of surface area and velocity, while
pressure drag is proportional to the product of the area in frontal
projection and velocity squared. Pressure drag (F4) can be
calculated by the drag coefficient (Cy), the density of the fluid
(p), the area in frontal protection (S¢) and the flow velocity (U):

Beilstein J. Nanotechnol. 2014, 5, 2424-2439.

1 2

In the same medium the importance of these two types of drag
varies with flow speed and the size of the animal. Friction drag
dominates for small animals and slow flow speeds, and pres-
sure drag dominates for large animals and/or fast flow speeds.
In either regime, the resistance of an animal to the water flow is
determined by its body shape. Of course, animals of the same
body shape and size will experience much higher drag forces at
the same flow velocity in water compared to air (see below in
Table 3), because of the higher density and viscosity in water.

Lift, acting at right angles to the free stream of flow, is depen-
dent on the shape and is proportional to the projected planform
area (S),) of the organism, the fluid density and the square of the
fluid velocity:

1 2
F=>:Gep-SyU )

The dependency on U? means that the lift force as well as drag
force are very important components of the total detachment
force. The lift coefficient (Cy) and the drag coefficient describe
the effect of shape.

In unsteady flow another force matters, namely the acceleration
reaction force [4]. Consider an animal accelerating during
swimming, some water must move as well, so the animal not
only accelerates its own mass but also this “added mass of the
fluid” [10]. The same force occurs when water accelerates over
a stationary object. The acceleration reaction force acting on an
attached animal in a wave is proportional to its volume (V) and
the water acceleration [11]. It can be calculated from the added
mass coefficient (Cy), the density of the fluid, the volume of the
animal and the acceleration.

Fa:Ca'p'V'a 6)

While drag is highest at the maximum velocity, the accelera-
tion reaction force has its maximum when the acceleration is
highest. For larger organisms the acceleration reaction force can
be several times higher than drag force, while for small organ-

isms drag matters most [11].

For example, let us consider a hemispherical attached organism,
closely adhered to the substrate, in a terrestrial and an aquatic
context. We will assume a mass of 2.2 g, a radius of 1 cm, an
ambient temperature of 20 °C and flow velocities between 1 and

30 m/s, and for the purposes of a comparison of inertia we
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assign an acceleration of three times of Earth’s gravity [12,13].
From the literature we find that a hemisphere has a drag
coefficient of 0.32 and a lift coefficient of about 0.75 [4,14].
Table 3 shows that in the terrestrial case the gravitational
force is dominant, while in the aquatic system lift and drag
matter. We can calculate that the density of the organism is
2.2 g/(4n/3-1 cm3)/2 = 1.05 g/cm3. The projected frontal area is
S¢= (1 cm?)/2 =1.57 cm?, the planform area S, = -1 cm? =
3.14 cm? and the surface area is (4n-1 cm?)/2 = 12.57 cm?. With
these parameters, we consider the relative magnitude of the
detachment forces, bearing in mind that they may not act
normal to the substrate. The force due to gravity is exactly the
same in aquatic and terrestrial environments, but the net force
when buoyancy is subtracted leads to a 20-fold higher force in
terrestrial environments. This could release a constraint on size
in the aquatic environment. Drag and lift, whether in relatively
calm or extremely swift flows, are three orders of magnitude
higher in the aquatic environment than on land. This suggests
that shape might be far more variable in the terrestrial environ-
ment because there is less selective pressure to streamline.
Moreover, drag and lift forces in aquatic environment can reach
much higher values compared with gravity on land. Lastly,
consider the inertial forces that are predicted on the basis of an
plausible natural acceleration. They are the same in both envi-
ronments, but they are three times higher than the static gravita-
tional forces and 60 times higher than the net gravitational/
buoyancy force for an aquatic organism. This brings home the
importance of considering the movement of the attached organ-
ism. Accelerations due to locomotion or due to movement of
the substrate may be a dominant force driving detachment.
Furthermore, when considering safety factors expressed as a
multiple of body mass, bear in mind that the inertial forces

could easily exceed this safety factor three- or four-fold.
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Forces of attachment

Attachment mechanisms are diverse and we can categorize
them into three types by the time course of operation: perma-
nent, temporary and transitory [15,16]. Animals attaching them-
selves permanently to the ground for their whole (adult) life-
time are called sessile. Blue mussels or barnacles are very
prominent examples of this sessile type. Other animals such as
molluscs, claw-bearing aquatic arthropods or sea stars, use
alternating attachment for locomotion or for short-time fixation
(temporary attachment) and are called motile or mobile. An
intermediate form between temporary and permanent attach-
ment can be found, for example, in many marine larvae,
allowing them to explore possible substrates prior to permanent
attachment. Transitory adhesion allows simultaneous adhesion
and locomotion on a viscous film as practiced by molluscs or
some flatworms [16]. The boundary between temporary and
transitory adhesion is not always clear [16].

Taking into account (1) the fundamental physical mechanisms,
(2) the biological function and (3) the duration of attachment
time, the attachment mechanisms have been divided into eight
main functional principles: wet and dry adhesion, friction,
suction and the mechanical principles hooks, clamps, locks and
spacers [2]. We will discuss the differences between these
fundamental principles when applied under water. In nature
some animals combine these fixation principles, for example
limpets use suction and glue, black fly larvae support their
hooks by secretion and some squids combine suckers with
hooks.

Attachment is a two-body problem so there is interplay with the
substrate, and the properties of the substrate also must be taken

into account [17]. Common solid substrates in aquatic systems

Table 3: Calculation of the detachment forces of a theoretical hemispherical organism (mass: 2.2 g and radius: 1 cm).

forces in terrestrial environment [mN]

weight (gravitational force) 21.582
buoyancy 0.025
weight — buoyancy 21.557

drag (U =0.5m/s) 0.008

drag (U=1ml/s) 0.030

drag (U=2ml/s) 0.121

drag (U =5 ml/s) 0.757 (wind)

drag (U =30 m/s)

lift (U = 0.5 m/s)

lift (U =1 ml/s)

lift (U =2 m/s)

lift (U =5 m/s)

lift (U = 30 m/s)
inertial force (a = 39)

27.270 (whole gale)
0.035

0.141

0.567

3.547

127.700 (whole gale)
64.746

forces in aquatic environment [mN]

21.582

20.594

0.988

6.299

25.195

100.781

629.875

22.675 x 103 (base of a waterfall)
29.525

118.103

472.413

2.952 x 103

106.29 x 103 (base of waterfall)
64.746
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are stones, plants, wood pieces, artificial substrates and even
other animals. Stones (Figure 2), artificial substrates and plants
have large variation in surface texture, from smooth to very
rough and smooth to hairy or covered with waxes [18,19]. Also
the surface energy and with it the wettability of surfaces as well
as the elasticity of the substrates are important properties, which
can influence attachment [17].

Another important point needs to be considered for aquatic
systems. While most terrestrial animals make contact directly
with the substrate, in aquatic environments the substrates
are usually covered with a biofilm and fouling organisms
(Figure 3). Biofilms play not only an important role in stimu-
lating or inhibiting the settlement of fouling invertebrates [20-
25], but they also change the surface properties of the primary
substrate considerably and by this can affect the attachment
forces significantly [26,27]. While biofilms can vary greatly in
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composition and thickness, they are usually softer than the pri-
mary substrate, and change the surface topography [26]. More-
over, microorganisms can change the wettability of the sub-
strates surface, which is probably the reason for a different
response of some larvae to these surfaces [28].

Some examples of attachment forces for different animals and
attachment devices are given in Table 4 and Table 5. Very large
attachment forces are generated by glue adhesion and suction.
However, as the given values have been determined under very
different conditions (substrates of different material, surface
energy, roughness and elasticity; different measurement
methods) the values are hard to compare and principally serve
to demonstrate that wide-scale comparative studies are sorely
needed in this field. Scale issues are also important; some
studies are on a particular body part, e.g., the attachment of a
single seta, while others are on whole organisms. This is certain

Figure 2: SEM pictures of the surface of selected rocks found in running waters: (A) andesite, (B) slate, (C) basalt, (D) quartz gravel (E) greywacke,

(F) quartzite and (G, H) sand stone. (Reproduced from [18]).

Figure 3: Examples of substrates which have been exposed to an aquatic environment and are covered with biofilm and periphyton; A) stone of the
marine intertidal covered with biofilm and algae (image: Petra Ditsche); B) artificial substrates after 6 week exposure in the sea, with biofilm and
growth of first macroalgae (image: Adam Summers); C) biofilm and macroalgae cover the stones of this stream in a thick layer (image: Sarah

Kaehlert).
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Table 4: Examples for attachment parameters measured parallel to the substrate according to different authors (whole animal, on smooth substrates

at water level and terrestrial environment, respectively).

taxon attachment device

Gekko gecko
(Gekkonidae, Reptilia)

adhesive pad (dry)

Gekko gecko
(Gekkonidae, Reptilia)

Staurois guttatus
(Ranidae, Amphibia)

Staurois guttatus
(Ranida, Amphibia)

adhesive pads (dry)

Chthamalus fragilis glue
(Cirripedia, Crustcea) (ca. 8 mg)
Patella vulgata glue, sucker

(Patellidae, Gastropoda)

Simulium vittatum
(Simuliidae, Insecta) (ca. 6 mm long)

circlet of hooks, secretion

adhesive pad (submerged)

adhesive pads (submerged)

substrate attachment tenacity force/body ref.
force [N] [kPa] mass

glass 17 =17 [29]

PMMA 27 =27

glass 5 =5 [29]

PMMA 24 =24

polyethylene 1165 3.0 (pads) 43 [30]
(whole animal)

polyethylene 42 0.1 (pads) 1.5 [30]
(whole animal)

polystyrene  0.11 105 [31]

glass 50 50 [32]

wire 0.012 [33]

Table 5: Examples for attachment parameters measured perpendicular to the substrate according to different authors (whole animal, on smooth sub-

strates at water level and terrestrial environment, respectively).

taxon attachment device substrate
Staurois guttatus adhesive pads polyethylene
(Ranidae, Amphibia) (dry)

Staurois guttatus adhesive pads polyethylene
(Ranidae, Amphibia) (submerged)

Bivalvia glue glass
(species non def.)

Patella vulgata glue, sucker glass
(Patellidae, Gastropoda)

Lottia gigantea glue, sucker Lucite
(Patellidae, Gastropoda)

Hapalothrix lugubris sucker rock
(Blephariceridae, Insecta)

Gobiesox maeandricus, sucker epoxy resin

Gobiesocidae,
Actinpterygii/Pisces

to add substantial variability and we cannot calculate a reason-
able attachment force for the whole animal from measurements
of a single seta, tube foot or sucker.

Adhesion

A variety of different mechanisms contributes to adhesion: (i)
mechanical interlocking on a very small scale, (ii) electrostatic
forces, (iii) diffusion, (iv) chemical bonding as ionic, covalent
or hydrogen bonds, and (v) dispersive or van der Waals forces.
While the first three mechanisms of adhesion presumably
contribute just a minor part to general adhesion, the latter two
are generally accepted as the primary mechanisms in many

systems [19]. The mechanisms involved in wet and dry adhe-

attachment force [N] tenacity [kPa] force/body mass  ref.
0.373 2.4 (pads) 13.8 [30]
(whole animal)
0.089 0.1 (pads) 3.3 [30]
(whole animal)
320-750 (34]
up to 240 up to 230 [32]
50 [35]
0.084 [36]
(one sucker)
up to 50 20-50 80-250 [37]

sion are different (Table 6). Dry adhesion occurs in a dry envi-
ronment and no fluid film is involved. When adhesion takes
place in a humid environment, there is a substantial increase in
adhesive forces [38]. Moreover, some animals secrete a liquid
themselves [19,39]. If a fluid film is present, we have the condi-
tions of wet adhesion. In wet adhesion two other forces
contribute considerably to adhesion: (vi) capillary forces, and
(vii) viscous forces. The latter is often called Stefan adhesion. A
special case of wet adhesion is the secretion of adhesives (glue),
which we will discuss below.

Adhesion that occurs under immersed conditions is greatly

complicated by the difficulty in displacing water from the
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Table 6: The mechanisms of adhesion under dry, wet and immersed conditions. Relative importance: f — usually important, x — usually not

important.

dry conditions

mechanical interlocking
electrostatic forces
chemical bonding

van der Waals forces

capillary forces

XX <SS

viscous forces

contacting interfaces and the ability of water to weaken many
forms of bonds [40]. The relevant ones are described in the
following.

van der Waals forces and chemical bonding

van der Waals forces are the sum of attractive forces between
molecules that have regions of slightly negative and slightly
positive charges. These forces are only effective over a very
small distance, less than one nanometer [41]. Therefore, these
forces are considerably weakened in the presence of water,
which tends to form a separating film between the surfaces. For
example on polyvinylsiloxane (PVS) surfaces, van der Waals
forces are decreased to 12% of the value in air when submerged
under water [42].

Capillary forces

Capillary adhesion occurs when a water film separates two hy-
drophilic surfaces in air. Pulling the surfaces apart will create a
larger air—water boundary surface area. The surface tension of
the liquid will resist to this increase and this is manifest as an
adhesive force. According to [3] Laplace's law ought to be

1 1
Ap=v.| ———
oor(L-1]

The pressure difference (Ap) can be calculated from surface

applied:

(N

tension (y), the overall radius of the liquid (r,) and the radius of
the curved edge (r¢) (Figure 4).

In contrast, under fully immersed conditions the surface tension
should be zero, so that generally no capillary forces will occur
under these conditions. This is an important difference between
adhesion in terrestrial and aquatic systems. Nevertheless, there
are exceptions. Some terrestrial animals can step in droplets,

e.g., on plant surfaces or even be completely submerged under

immersed conditions

wet conditions (liquid film)

4
X
X
X
4
4

XXX XS

Figure 4: Two hydrophilic surfaces separated by water. Graph shows
the location of the overall radius (r,) of the wetted surface and the
radius of the curved edge (rg). The latter is half the thickness of the
liquid.

water for a short time due to heavy rainfall. For example, the
beetle Gastrophysa viridula can walk under water [43]. This
beetle develops higher adhesive forces on hydrophobic surfaces
compared to hydrophilic ones. The hydrophobic setose pads of
the beetle hold air under water, so if it encounters hydrophobic
surfaces the contact interface gets de-wetted, but not on hydro-
philic surfaces. Additional capillary bridges between foot and
substrate are formed due to the fluid secreted by the beetle and
shear adhesion forces are in the same range as in air [43].
Similar results were described for geckos attaching to hydro-
philic surfaces underwater and in air while no significant de-
crease in attachment forces were measured on hydrophobic
surfaces under dry and wet conditions [29].

Viscous forces and Stefan adhesion

In the late 1800’s Stefan proposed a closed form solution to the
problem of separating two rigid plates in a fluid [44]. If the
plates are pulled away from each other in vertical direction, the
fluid has to move inwards. Stefan’s solution was expressed in
terms of the time it would take to separate the plates to a par-
ticular distance given an applied force. Recasting this equation
into the force domain shows that force is proportional to the
fourth power of the radius of the plates, the viscosity of the
fluid, the speed of separation and the inverse of the separation
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distance. The equation for Stefan adhesion predicts very high
forces for materials with the viscosity of mucus, but assumes
rigid plates, and attempts to quantify the effect in limpets and
tree frogs have yielded equivocal results [45,46]. It is clear that
viscous forces play a role in the wet adhesion of tree frogs
[46,47], and may also be important for some slugs or snails [3]
or torrent frogs [30]. The application of Stefan’s equation is not
unproblematic for biological cases though, because it ignores
the material properties of the surfaces and is limited to unreal-
istic shapes. Smooth, and rigid plates are not what we usually
find in nature, and elastic and structured surfaces of different
shape will show a different behaviour. Moreover, other effects
can cause failure sooner than predicted by Stefan’s equation.
Under increasing stress, air bubbles in the viscous fluid can
cause cavitation, which means that growing bubbles provide
extra volume required for the plate separation [48]. Another
process that causes instabilities is called air fingering, air moves
in from the edge of the sample to the centre and by this brings
the atmospheric pressure well into the sample [48]. These
effects will be most important if the surrounding fluid is air. If
the surrounding fluid is water instead, these effects are assumed
to be different due to the incompressibility of water. Peeling is
another component that can considerably reduce detachment
force if the plates are not separated at right angle.

The low viscosity of air means that in terrestrial environments,
it is hard to imagine an important contribution of viscosity.
However, it is potentially very important where there is a
secreted layer of fluid between the attachment organ and the
surface in terrestrial systems. In aquatic systems viscous forces
are obviously important due to the much higher viscosity of
water compared to air. Moreover, the viscosity of the intersti-
tial fluid might not be that of water because it is possible that
some secreted mucus dictates the sliding force. The topic is
further complicated by the fact that animals can secrete more
than one material. Moreover, as the viscosity of the material
increases there is a transition to glues. In particular, adhesive
gels of gastropods can contain specific glue proteins with gel

stiffening properties [49].

Determining the effects of compliant materials, irregular and
divided surfaces, and non-convex surfaces should be a high
priority for understanding aquatic adhesion. There has been
considerable effort in the engineering world with regard to this
area. In particular, the problems faced by tires on roads of
varying roughness and wetness has driven the development of
theories that may be applicable to biological systems [50,51].
These theories are difficult to assess in a biological context, but
an examination of the parameters, surface roughness, substrate
compliance, friction, and fluid properties, implies they will be

useful. A further complication in water bears mention: The
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biofilm of fouled surfaces has a high effective viscosity and is
also viscoelastic [26]. It is likely that an empirical under-
standing of viscous adhesion of animals to biofilms will have to

be developed.

Glue

Many organisms use adhesive polymers to glue themselves to a
substrate. Biological adhesives can vary widely in structure and
capability, be remarkably complex and involve a large range of
interactions and components with different functions [40]. The
strength of the adhesive bond is determined by the biochemical
nature of the adhesive secretion [52]. Many adhesives are non-
specific and can adhere to many different types of substrates.
Many of these glues form strong attachments under water, a
process that is complicated by the difficulty in replacing water
from the adhesive interface [40].

It is clear that the physico-chemical conditions are different
under water than in air and therefore different kinds of glues are
required. However, due to the complexity of the topic it is not
possible to discuss these complex chemical issues in this
review. Nevertheless, glue is probably the most common attach-
ment mechanism in benthic marine animals, where the organ-
isms are often exposed to strong currents in varying directions.
Adhesives are used for long term fixation to the substrate, e.g.,
by mussels and barnacles [40], and glue is also used for tempo-
rary adhesion, e.g., in snails, flatworms and seastars [52,53].
For example, echinoderms and flatworms use a duo-gland
system for attachment and detachment [16,54].

Many freshwater animals, such as molluscs and insect larvae,
also use glue to attach to the substrate, often in running waters.
For example black fly larvae place hooks in their secretion [22].
They are also able to secrete a sticky thread that helps them to
reattach themselves again if swept away [55]. Some cased
caddis larvae anchor their cases more or less permanently to the
substrate with silk [56]. The invasive zebra mussel has become
abundant on rocks and man-made structures in rivers and lakes
in part because of its strong attachment by byssal threads [56-
58] (Figure S5A).

Friction

Friction, the resistance developed when one surface is moved
across another, is complex and we will touch only on the main
principles here. Friction does not depend on the sliding speed,
but in general, kinetic friction (friction during movement) is
lower than static friction (friction until movement starts) [19].
Moreover, friction is independent of the nominal (apparent)
contact area defined by the geometry of the body. Instead, the
real contact area between the two surfaces matters. The real

contact area is defined by topography, material properties and

2432



Beilstein J. Nanotechnol. 2014, 5, 2424-2439.

Figure 5: A) Zebra mussles attaching by byssal threads to a substrate, B) echinoderm foot (images: Petra Ditsche).

normal load. Normal load is the sum of external load and adhe-
sion [59]. There is a close relationship between friction and
adhesion, and solids with a high frictional coefficient usually
have stronger adhesive properties [38].

In terrestrial systems, we can distinguish between two cases in
which friction plays different roles in adhesion, namely dry and
wet. Dry friction occurs between dry, clean surfaces in a very
dry atmosphere. In this case, the friction force is usually propor-
tional to the real contact area, as it is actually the force needed

to shear the junctions formed between the surfaces in contact.

In contrast, in wet friction a film of water or another liquid is
involved. This liquid can originate from humidity in the air or
from secretion by the animal. Under such boundary lubrication
conditions there is a constant contact between the surfaces and
friction is defined by physico-chemical properties of the bonds
formed between the molecules of the fluid and the solid surface.
This includes capillary forces, which can contribute consider-
ably if the liquid has a high surface tension like water.

If the surfaces are fully immersed in water, we have a case of
full-film lubrication. The surfaces are completely separated by
the fluid and friction is defined by the nominal surface area and
the viscosity of the fluid that has to be sheared. Moreover, in
this case the surface tension is zero and no capillary forces
contribute to friction. Thus, friction under submerged condi-
tions will usually be reduced compared to wet friction. Compli-
cating matters, the animal may secrete a fluid or material that
modifies the properties of water to either increase or decrease
friction in this full-film regime. The specific impact on friction
will depend on properties of the secretion, such as surface
energy and viscosity. Some monolayer films separating two
surfaces can also decrease friction dramatically when the

surfaces are immersed under water [60]. Under certain condi-

tions such as an insect stepping into a water drop or a water
spider walking under water, mixed lubrication might occur. In
this case, friction is a mixture of cases of full-film lubrication

and boundary lubrication.

The growth of biofilms and fouling organisms on aquatic sub-
strates can have a significant impact on friction. The decreased
tenacity of Northern clingfish on fouled surfaces is explained by
the lubricating effects of the slimy parts of the biofilm decreas-
ing friction at the margins of the suction disc [27]. Friction is
often combined with other attachment mechanisms, such as the
just mentioned suction. Friction also contributes to mechanical
attachment mechanisms such as hooks, clamps and spacers.
Thorns and other protuberances found on the underside of many
torrential insects can also increase friction with the substrate as
well as an increased surface area of the animal contacting the
substrate [56]. Specialized friction pads, which increase friction
on smooth and most rough surfaces, can be found on the under-
side of the gill lamellae of some mayfly larvae [61] (Figure 6)
and in torrent dwelling fishes.

Suction

The term sucker has been used for many attachment devices, so
we want to clarify that we are just covering structures for which
attachment is due to a difference between the pressure under the
suction cup and the ambient pressure. In some cases this pres-
sure difference is not the only factor in total attachment, as in
cephalopods with hook-lined sucker disks.

Suckers are common in aquatic animals. In freshwater we can
find true suckers, for example in some fish, leeches and
Blepharicerid larvae. The latter live in torrential mountain
streams and can resist very high currents (Hapalothrix lugubris
withstand flow velocities of 4.5 m/s) and generate attachment
forces up to 8.4 g per sucker, which equals about 84 mN [36].
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Figure 6: (A-D) Attachment devices of E. assimilis larvae: (A) ventral view, (B) claw of the foreleg, (C) setae of the pads on the ventral side of the gill
lamellae, (D) areas with spiky acanthae on the lateral parts of the abdominal sternits. Reproduced with permission from [26]; (E) Structure on the
distal edge of the ventral side of the beetle larva Elmis sp. Reproduced from [18].

Gobiies, balitorid loaches and loricariid catfishes also have
specialized suction discs, which help them to stay in place in the
high-speed currents in stream environments [62-64]. Some
gobies are even able to climb waterfalls by using a pelvic fin
derived suction disc [63,65]. Moreover, lampreys are able to
climb waterfalls with an oral sucker [66]. In marine systems, for
example octopus, limpets and several lineages of fish have
suction cups [67-69]. Clingfish (Figure 7), shark suckers, snail-
fish and lumpsuckers are marine taxa with a dedicated suctorial
disc [37,70,71].

In comparison to suction cups working in air, one of the most
important differences is the incompressibility of water. There-
fore, the volume of the water filled cavity will not change
measurably (Figure 8). While pressures lower than a vacuum
are not possible in air, this is possible if the suction cup is filled
with water. For a vacuum (0 MPa) the tenacity developed at a
maximal pressure difference would be 0.1 MPa at sea level.

in air t

ol

in water t

I

Figure 8: In air the volume of the cavity of suction cups increases. Due
to the incompressibility of water the volume of suction cups stays the
same while working under water.

V2 Vi<Vv2

V2 Vi= V2

However, the pressure measured under an octopus sucker went
negative in 35% of the cases and the lowest pressure measured
was 0.168 MPa [72]. The same study shows that seawater can

Figure 7: (A) Suction disc on the ventral side of Northern clingfish. Reproduced with permission from [27]. (B) Multiple suction discs on an octopus

arm (image: Francesca Tramacere).
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sustain negative pressure, but the values are not as low as for
pure water. Particles and microbubbles in the seawater provide
nucleating sites that stabilize the growth of larger gas bubbles
[72]. Suction also depends on the surface energy of the sub-
strate, as no negative pressures were found on non-wettable
surfaces [68,72]. Many superhydrophobic surfaces are known
for their ability to hold an air film under water for a varying
time span [73-75]. Therefore, these surfaces could hold micro
bubbles that serve as cavitation nucleating sites as in seawater.
Whether this effect would occur after a long-time exposure of
the substrates or at higher pressure has not been resolved.
Ambient pressure also has an impact on cavitation [76]. It is
possible that extremely high pressures can reduce the cavitation
threshold, but this is just likely to matter at great depth.

The attachment force of the sucker (Fy) is determined by the
pressure difference (AP) and the area (4) of the suction cup:

F,=AP-4 ®)

For animals living far below the water surface the increasing
pressure will also cause a different situation. As the hydrostatic
pressure increases 0.100 MPa per 10 m depth, the possible pres-
sure difference between the lower side of the suction cup and its
environment increases. Thus, the theoretically possible attach-
ment force increases as well simply by living in deeper aquatic
regions (Figure 9). However, other factors such as limits of the
muscles creating the pressure difference under the suction cup,
and the ability to seal the edges of the suction disc will also
influence the pressure difference. This explains why limpets
show some effect of pressure on attachment but far less than
theory would predict [35]. In contrast, the very strong suckers

of some decapods are able to take advantage of the high pres-

Depth Pressure
0Om 0.1 MPa
10m 0.2 MPa I
100 m 1.1 MPa Py
1000 m 10.1 MPa _I P I_
2000 m 20.1 MPa F=(Py-P)*A
3000 m 30.1 MPa

Figure 9: The pressure difference of the cavity under the suction cup
and its environment determines the maximal possible suction force. As
the pressure increases with water depth the theoretically maximal
possible suction force increases with water depth as well.
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sure difference in deeper aquatic regions and pressure differ-
ences up to 0.83 MPa were measured. Such suckers are limited
by cavitation of seawater at sea level, tenacity will increase with
depth until a limit determined through morphology is reached
[76]. The disc margin is often adorned with hairy structures,
extremely soft tissue or secretions that serve to fix the edges of
the disc as a dislodging force is applied [2,36,69].

Suckers typically work well on smooth substrates [19,56,77]
because a seal between the disc margin and the substrate is
more difficult to achieve on a rough surface. However, in some
aquatic systems suckers develop higher tenacities on rough
surfaces than on smooth ones [35,37]. The size of the suction
disc has also a significant impact on the maximum roughness of
the substrate to which it can attach [27].

Mechanical principles of fixation: hook, lock,

clamp and spacer

Though in broad strokes there should be little difference in the
performance of these mechanical means of attachment in the
two environments discussed here, there are some subtle but
potentially powerful effects that should be considered. Since
friction between the contacting surfaces contributes to the
attachment forces, there could be quite different forces when the
entire system is submerged simply because of the effect of a
water film on friction. And, related to attachment force, it might
take substantially more force to form an attachment in the
aquatic environment because the viscosity and density of water
make it harder to bring surfaces into close apposition.

Most arthropods living in flowing water have well-developed
tarsal claws, with which they hold onto rough surfaces [56].
These claws show a variety of different shapes and sizes
(Figure 10) and are the most common attachment devices of
aquatic macroinvertebrates in both running and still water [78].
The larvae of some taxa, such as mayflies and caddis larvae
usually bear one claw at their tarsi, while many others like
stoneflies or several aquatic beetles have two tarsal claws
(Figure 10). Double claws might act in the same direction or in
accordance to the clamp principle (or something intermediate).
Free-living caddis larvae like Rhyacophila have additional
claws like grapples on their posterior prolegs. Circlets of
outwardly directed hooks imply the spacer principle. They
occur on the prolegs in larvae of several Diptera taxa such as
Chironomidae, Diamesinae, Simuliidae and Deuterophlebiidae
[79]. While the hook circlets of the Simuliidae are only engaged
in secreted silk mats, those of the Deuterophlebiidae are used
directly on the stones. In contrast to the clamp mechanism, in
the spacer principle the hooks press outwardly directed. The
lock principle is not very suitable for attachment to substrates as

it needs two specialized surfaces, but very common for the
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Figure 10: A) Tarsal claw of the mayfly larva Baetis vardarensis. Abreviations: ug unguitractor, th theeth, s sensilla. B) Tarsal claw of the second leg
of caddies larva from Rhyacophila sp. dorsalis group, C) Double claws of the stream stonefly larva Perla marginata, D) Circlet of hooks on the proleg

of a Chironomidae larva. Reproduced from [18].

connection of body parts or during copulation [2]. In marine

environment claws are found in many arthropods.

While the immersion itself does not show considerable effect on
mechanical interlocking principles, the secondary effect of the
fouling of aquatic surfaces can cause a significant impact on
attachment. On smooth substrates a biofilm cover can even
increase friction forces of claws [26]. The claws can pierce the
gel like part of the biofilm and interlock inside with attached
organisms of the biofilm. Moreover, the higher viscosity of the
biofilm gives additional resistance. In contrast, on rough sub-
strates the opposite effect takes place [26]. Here the lubricating
effect of the gel like part of the biofilm that separates the sub-
strate and the claw dominates.

Conclusion

Attachment in the aquatic realm is not just quantitatively differ-
ent from that on land, but it is qualitatively different. Complete-
ly different phenomena are responsible for the most significant
dislodgement and attachment forces under each of the two
conditions. The constraints on attachment, and the opportuni-
ties offered by secure attachment, are different in the two
realms and will require very different approaches to system-
atizing and characterizing biological diversity with respect to

this parameter. Many open questions remain with regard to

aquatic attachment, and some can be approached by comparing
the more thoroughly studied terrestrial environment.

A major impediment to systematizing attachment performance
across environments is the lack of standardization of methods
and the difficulty of scaling up small experimental units to the
performance of the whole animal. We suggest that as research
in this area progresses it would be very useful to make raw data
accessible in open source outlets so that derived performance
parameters can be computed ex post facto as theoretical models
and technology improve. It is particularly important to broaden
the knowledge base about the performance of animals as a
whole, because this is what is evolutionarily selected over time
and what will lead to the most immediate ecological insights.

Size effects on attachment, especially in the submerged case,
might provide key insights into selective pressures and may
yield clarity regarding the ecology of the organism. Paying
attention to the scaling of detachment forces, for example, leads
to some questions worth pursuing. Gravity and inertia dominate
the dry world while lift and drag rule the water currents. Forces
due to gravity scale with mass and, therefore, also with the cube
of length, while those from lift and drag are scaling with the
square of length. Do aquatic organisms have no size constraints
because the effects of gravity are ruled out by lift and drag? Are
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the biggest attached organisms aquatic? Indeed, some benthic
animals such as the giant sea star Pisaster giganteus can
become very large. However, the topic is complicated by other
factors influencing the magnitude of the detachment forces.
First, in wave-swept environments, the acceleration reaction
force can be high and as it depends on the volume, it scales with
the cube of length as well. This is assumed to be one reason
why organisms inhabiting the marine intertidal region are often
small compared to the ones living in the subtidal region, where
waves are less pronounced [80]. Second, if benthic animals are
small enough to reside in the boundary layer, which develops
over the surface of substrates, they might take advantage of the
reduced flow velocity close to the substrate. Thus, being very
small might be of advantage under certain circumstances, for
instance in high-flow-rate streams [81-83]. Actually, most
macrozoobenthos organisms in streams are very small, even
considerably smaller than the macrozobenthos of the marine
intertidal. Third, flow forces acting on an animal depend on the
flow velocity, which can show huge variations between differ-
ent habitats and even inside the same habitat. Fourth, the shape
and other properties (such as elasticity) of the animal also
strongly influences drag and lift forces. Even more complicated,
their effect on the different flow forces can vary. For example, a
shape that reduces drag does not necessarily reduce lift and vice
versa. Moreover, the behavior and way of living of an animal
strongly influence the detachment forces acting on it. Beside
mechanical factors also biological factors can limit the size of

organisms [84].

Another interesting point regarding size is the relation of the
animal size to the maximal possible attachment forces. Our
calculation showed that for the same hypothetical animal much
higher detachment forces could occur in aquatic systems at high
flow velocities (Table 3). Therefore, the question arises,
whether the highest attachment forces in relation to the body
size occur in aquatic systems. To test this idea we need a more
complete picture of size parameters than is often reported.

A most intriguing aspect of this review is the demonstration that
we need better understanding of viscosity-mediated attachment.
Viscous adhesion is clearly important to the real, biologically
messy, and sometimes mucus-laden real world, but the under-
lying processes are not fully understood for submerged cases.
The community needs useful theoretical models that account for
the compliance of the substrate and the attachment organ, the
surface energies and the shapes of real world examples of
attachment.

Submerged organisms must cope with water and also with ubig-
uitous biofilms. The complexities of a pure liquid pale in com-

parison to the presumably non-Newtonian behaviour of this
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viscoelastic polymer, adherent to virtually every submerged
surface. The effect must depend on the type of the attachment
device, and also with the thickness and composition of biofilms.
This complicates real world performance measures, but the
issue must be faced sooner rather than later if we are to put
attachment in an ecological context in the aquatic world. Early
investigations in this area demonstrate the complexity of the
interaction between attachment organ and substrate, with exam-

ples of increases and decreases in tenacity with biofilm growths.

We are working in an age of unmatched technology for imaging
and experimentation, with a rapidly diminishing core of natural
historians [85]. The investigation of aquatic adhesion is going to
be successful as disparate fields examine the same problems,
and first hand observation of nature becomes more valuable not
less. This review should serve as a call not only for better
theory or experimentation, but for a more complete, thorough
and detailed observation of the attachment phenomenon in a
natural setting.
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Abstract

We report a novel, practical technique for the concerted, simultaneous determination of both the adhesion force of a small structure
or structural unit (e.g., an individual filament, hair, micromechanical component or microsensor) to a liquid and its elastic prop-
erties. The method involves the creation and development of a liquid meniscus upon touching a liquid surface with the structure,
and the subsequent disruption of this liquid meniscus upon removal. The evaluation of the meniscus shape immediately before
snap-off of the meniscus allows the quantitative determination of the liquid adhesion force. Concurrently, by measuring and evalu-
ating the deformation of the structure under investigation, its elastic properties can be determined. The sensitivity of the method is
remarkably high, practically limited by the resolution of the camera capturing the process. Adhesion forces down to 10 uN and
spring constants up to 2 N/m were measured. Three exemplary applications of this method are demonstrated: (1) determination of
the water adhesion force and the elasticity of individual hairs (trichomes) of the floating fern Salvinia molesta. (2) The investi-
gation of human head hairs both with and without functional surface coatings (a topic of high relevance in the field of hair
cosmetics) was performed. The method also resulted in the measurement of an elastic modulus (Young’s modulus) for individual
hairs of 3.0 x 10° N/cm?2, which is within the typical range known for human hair. (3) Finally, the accuracy and validity of the
capillary adhesion technique was proven by examining calibrated atomic force microscopy cantilevers, reproducing the spring

constants calibrated using other methods.
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Introduction

Surface outgrowths such as hairs or trichomes, which widely
occur on biological surfaces, sometimes have unique adhesive
and elastic properties optimally adapted to specific functional
requirements. As these are often mimicked in technical applica-
tions, their characterization is of great interest in a biomimetic
approach. Prominent examples are the trichomes of the floating
fern Salvinia molesta, which are responsible for the high air
layer persistence of its leaves under water [1-3]. Artificial
surfaces capable of retaining air under water have great poten-
tial in fluid transportation or as ship hull coatings [4,5] because
of the significant drag reduction [6-12]. However, an essential
requirement for the functionality of these surfaces is the persis-
tence of the air layer [13-15]. As all of the highly engineered
surfaces developed to date have failed in this respect [9-12], it is
interesting to study the properties of the hairs of Salvinia
molesta as a model for future developments. The key factors are
the high water adhesion of the trichome tips (the “Salvinia
effect”, [1]) and the high elasticity of the trichomes [2,3], which
allows the pinning of the air—water interface by the trichome
tips which hold it under perturbations without the loss of air by
bubble formation.

Although the adhesive force of small elastic structures play a
key role in understanding biological and biomimetic structures
(as well as sensors, micromechanical or microfluidic systems),
the precise, simultaneous measurement of both the elastic and
the adhesive properties of small mechanical systems is not
trivial. Here, we present a novel technique, the capillary adhe-
sion technique (CAT), for the combined determination of the
adhesion force of a single small structural entity to a liquid and
its elastic properties. Capillary bridges were thoroughly studied
with respect to kinetics and geometry dependence, in addition to
the investigation and discussion of the contact angle and the
related capillary length. The nucleation radius and growth of the
liquid meniscus pulled from a flat surface were studied by
Debregeas et al. [16]. The contact angle and contact angle
hysteresis measurements on a curved surface (lens) pulling
away from a meniscus were used to determine the advancing
and receding contact angle of different solid materials [17] and
the dynamics of this formation process [18]. Furthermore, the
normal force of capillary bridges between solid objects was
investigated [19].

Here, we create a meniscus from a flat, water surface until
rupture occurs in order to determine the adhesion force using a
simple energetic approach: the first derivative of the added
surface energy of the meniscus with respect to the pulling direc-
tion. Using this method, we have investigated the hairs
(trichomes) of Salvinia molesta and obtained precise values for

the water adhesion force of the trichome tip and for the
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trichome elasticity. These data can now be used as a guideline
for the design of biomimetic surfaces. To demonstrate the wide
range of applications of this method, we also investigated
human head hairs as a second example. Finally, calibrated
atomic force microscopy (AFM) cantilevers were tested as a
representative for an artificial micromechanical system, which
at the same time allowed us to prove the validity and accuracy
of the method.

Results and Discussion
The capillary adhesion technique (CAT)

The capillary adhesion technique differs substantially from
common methods using various force sensors [20-23]. The prin-
ciple is shown in Figure 1. A single small structure, here a
trichome of the floating fern Salvinia molesta, is fixed at its
base with reverse action tweezers. The tweezers are fixed on a
stepper motor with the trichome tip facing downwards. Then,
the tip is brought into contact with the surface of a liquid, here,
water. When the trichome is pulled upwards, a meniscus is
developed, which is eventually released when its tensile force
exceeds the water adhesion force of the trichome tip. A constant
pulling velocity of 120 um/s was used. The pulling process is
captured with a CCD camera, allowing the monitoring of both
the meniscus shape and the deformation of the structure (here,

the trichome) under investigation.

Based on the image shortly before the meniscus snap-off, the
profile of the meniscus can be fitted with an elliptic function:

o

with parameters a, b and ¢ as shown in Figure 2. The nature of
the visual assessment of these parameters leads to a certain
systematic error in the resulting adhesion force and elasticity
values, which is essentially determined by the resolution
of the CCD camera. The CCD camera resolution was
768 x 576 pixels. When the function y(x) is rotated around the
y-axis, the rotationally symmetric shape of the meniscus in three
dimensions can be modelled, which leads to the calculation of
the resulting surface area [24] of the water meniscus as:

b
A=2nfx(y)1+(x' () dy. @)
0

Wolfram Mathematica software was used for the calculations.
To form the meniscus, beginning with the originally flat surface

before capillary contact, a minimum energy of
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Figure 1: Description of the experimental method. (a) The experi-
mental setup: A small elastic entity, in this case a hair (trichome) of
Salvinia molesta, is placed between a luminescent screen and a

CCD camera above a container filled with liquid. Using reverse action
tweezers fixed on a stepper motor, the trichome is vertically
descended onto the surface of the liquid (water). (b) After touching the
liquid, the subsequent removal of the hair results in the formation of a
meniscus. As the tip is pulled upwards, the meniscus eventually snaps
off. The geometry of the mensicus immediately before snap-off

(i.e., rupture of the meniscus) and the deformation of the trichome are
recorded and evaluated.
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Figure 2: Meniscus immediately before snap-off. The profile can be fit
by an elliptical function (Equation 1, y(x)) with fitting parameters a, b, ¢
as shown above. From Equation 2, the surface area of the meniscus is
derived, enabling calculation of the energy required to build the
meniscus (Equation 3) and the maximum pulling force on the trichome
(Equation 4) equivalent to the water adhesion force of the trichome tip.
By evaluating the elongation of the trichome, Ay, the elastic properties
are determined.

2 2
W=A'6+TC(EJ '6*—1{a+£J ¥e) ?3)
2 2

is required, which consists of the surface energy of the
meniscus plus the interface energy of the tip—water contact
area minus the surface energy of the original flat air—water
interface before formation of the capillary contact. Here,
6 =0.07275 N/m [25] is the surface tension of the liquid (here,
water), and o* is the interface tension of the contact area.
Although the value of o* is unknown, it is not required for
further calculations (see below). The force pulling at the
trichome tip is equal to its water adhesion force and is given by:

oW 04
=——=—-0. “
ob ob
Based on the images before and after the meniscus snap-off, the
elongation, Ay, of the trichome in the direction of the force was
observed. Assuming Hooke’s law, its spring constant is

D=——. ()

Likewise, other elastic constants such as Young’s modulus can
be determined, as shown later in the section where human head
hairs are examined. The contribution of the weight force of the

water within the meniscus to the force pulling at the tip in



contact with the water, is typically negligible. For the applica-
tions and examples shown in this work, the meniscus weight
force was two orders of magnitude less than the contribution of
the increasing liquid surface. This can be calculated using

c/2 a+c/2
V=27 Ix~bdx+ I x-y(x)dx 6)
0 c/2

for the liquid volume within the meniscus, as given in [24], and
thus

is the weight force, where p is the density of the liquid and g is
the gravitational acceleration.

Determining the adhesion force and elasticity
of Salvinia molesta trichomes

The floating fern Salvinia molesta attracts considerable atten-
tion due to its ability to maintain a persistent layer of air on its
leaves under water. This feature could be of high technological
relevance, opening perspectives for completely new concepts
for drag reduction of ships, for example, lubricating a ship hull
with a permanent layer of air under water. As demonstrated,
Salvinia molesta maintains this persistent air layer with a
unique combination of hydrophobic hairs (trichomes) exhibit-
ing hydrophilic, water-attracting tips (the Salvinia effect) [1].
The hydrophobic properties of the trichome surface prevent
water from penetrating into the space between the multicellular
trichomes, thus retaining a layer of air. The hydrophilic tips of
the hairs, however, attract the water meniscus and adhere to the
air—water interface, thus preventing the loss of air by formation
of air bubbles.

In line with the method described above, 75 eggbeater-shaped
trichomes of the floating fern Salvinia molesta were examined
as taken from the central region of 15 adult leaves, 3 mm away
from the edge, five from each of the leaves. This approach is
explained by the fact that the trichomes at the edges exhibit
different dimensions and shape. Our investigation resulted
in an average value of the trichome tip adhesion force of
F=(19.5£0.3 + 0.4) uN, where the statistical and systematic
errors are noted, respectively. This high water adhesion force
present at the tips of the eggbeater-shaped hairs is one key
factor for the persistence of the air layer on the surface of
submerged Salvinia molesta leaves due to the pinning of the
air—water interface [1].

The elasticity of the trichomes was also studied, as there are

indications that it may also play a key role in the air layer
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persistence. This elasticity may allow a moving air—water
interface to be maintained by means of the hydrophilic pins,
even under perturbations, without breaking water contact to the
pins (which would lead to a loss of air by bubble formation)
[1-3].

By applying CAT and investigating the 75 Salvinia molesta
trichomes from the 15 different leaves mentioned above, we
determined the average spring constant of the trichomes of
Salvinia molesta to be Dpyjjing = (2.1 £ 0.2 &= 0.2) N/m, where
the data denotes the average value, followed by the statistical
and systematic errors, respectively. The data also support the
assumption that the trichomes serve as soft springs (see above).
The eggbeater shape of the trichomes is deemed to be ideal for
this purpose. In fact, the experimental data show that the
branched eggbeater-shaped part of the trichomes is responsible
for the largest part of the length change of the trichomes as a
response to an external force.

Determination of a spring constant according to Hooke’s law
requires a linear elongation with increasing force, which is also
proved by our method. In general, CAT allows the determin-
ation of the force—elongation curves of single structural entities.
For this purpose, not only the image of the meniscus immedi-
ately before snap-off, but also other data taken between
regarding the liquid surface—tip interaction and the snap-off are
necessary to determine force and elongation. Figure 3 shows the
results for a single Salvinia molesta trichome. As can be clearly
seen, a linear function provides a very good approximation for
the pulling force with respect to the trichome elongation, thus
following Hooke’s law. This is valid over the whole range from
a smaller force to the maximum force immediately before snap-
off.

Determining the water adhesion force,
elasticity and Young’s modulus of human

head hairs

As a second application example of CAT, the water adhesion
force of human head hairs as well as their spring constant and
Young’s modulus was studied by describing the elastic prop-
erties.

For this purpose, hairs from the same person both in the natural
state and with two different thin film surface coatings were
used. The effect of the surface coating of human head hair on its
adhesive properties is highly relevant, for example, in the field
of hair cosmetics. We investigated natural hair, hair with sili-
cone-coated ends (poly(dimethylsiloxane) (PDMS), Sylgard
184, Dow Corning, water contact angle approx. 110°) and hair
with Teflon-coated ends (poly(1,1,2,2-tetrafluoroethylene)
(PTFE), Teflon AF, Dupont, water contact angle approx. 120°).
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Figure 3: Force—elongation curve of a Salvinia molesta trichome. CAT
allows force—elongation curves of small elastic structures to be
measured based on the evaluation of the meniscus at different stages
of the experiment. The linear fit to the data illustrates that the deforma-
tion follows Hooke’s law quite well: before snap-off, the elongation of
the trichome shows a linear force dependence. The systematic error of
the force F corresponds to half of the height of each measuring point,
whereas the systematic error of Ay was 3 ym in each case.

15 hairs of each type were examined. They were fixed horizon-
tally with the tweezers on a stepper motor, which served as a
bending spring in contrast to the tension spring setup described
in the previous section. The bending spring length was 1 cm.
Figure 4 shows the experimental setup and images immediately
before and after a typical meniscus snap-off event.

The results are summarized in Table 1. The water adhesion
force of the ends of the hairs measured in their natural state was
F=(44.7 £ 1.2 £ 0.6) uN where the data is followed by the
statistical and systematic errors, respectively. This value is
significantly higher than for the cases of the PDMS- or Teflon-
coated hairs, that is, the adhesion force decreases when the hair
ends are hydrophobically coated. In contrast, the bending spring
constant remained the same (within the limits of accuracy of the
measurement). Averaged over all 45 hairs, the bending spring
constant was Dpending = (19.9 + 0.9 + 0.4) mN/m.

This version of CAT also allowed the measurement of Young’s
modulus for the structures under investigation. In the case of an
elastic bar acting as a bending spring (fixed at one end and
pulled at the other end downwards), Young’s modulus is given
by [26]
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where the pulling force, F, is equivalent to the adhesion force,
the hair length / = 1 cm, the hair diameter, d (individually and
precisely determined using optical microscopy), and the angle a
between the hair and water surface at the touching point imme-
diately before snap-off, as extracted from the images shown in
Figure 4. For the evaluation, the assumption of homogeneous
and isotropic elastic properties was made. The resulting data are
also shown in Table 1. For each type of hair coating (natural,
PDMS- or Teflon-coated ends), the Young’s modulus was the
same within the accuracy of the measurement. Its average value
was E=(3.04 £ 0.11 £ 0.22) x 105 N/cm?2, with the statistical
and systematic errors follow the data, respectively. The relative
humidity during the measurements was roughly RH = 50% and
the temperature was 22 °C.

Literature values citing Young’s modulus of human head hair
are scarce. For example, in [27] a value of 3.89 x 103 N/cm?
(RH = 60%) was indicated. In [28], a range between 1.5 and
4.6 x 10° N/em? (RH = 65%) was indicated for 2-92 year-old
humans, and in [29] a range of 1.23-4.10 x 10° N/cm?
(RH = 30%) was given for 15-35 year-old humans. Thus, our
results (3.04 x 10° N/cm?2, RH = 50%, hairs from a 29 year-old
human) are in good agreement with these literature values, indi-

cating that CAT yields reliable results.

Validating the capillary adhesion technique

using calibrated AFM cantilevers

A proof of the validity of the CAT method is given by exam-
ining a calibrated atomic force microscopy (AFM) cantilever.
The cantilever was studied under the same conditions as the
human head hairs (i.e., the chip on which the cantilever was at-
tached was approximately horizontally fixed (11°) in the
tweezers, see Figure 5). 15 independent measurements of the
same calibrated cantilever were performed using the CAT,
resulting in an average value for the water adhesion force of the
cantilever tip of (11.8 + 0.4 + 0.3) puN and a spring constant of
(0.195 £ 0.002 £ 0.011) N/m. This is in agreement with the
spring constant of 0.18 N/m given by the manufacturer, which
confirms the reliability of our method.

Conclusion

To conclude, a versatile, novel technique was presented, which
determines both the adhesion force of individual small mechan-
ical entities to a liquid in addition to their elastic properties,
both with remarkable sensitivity mostly limited by optical reso-
lution limits. Using this method, the water adhesion force and

the elastic spring constant of the tips of Salvinia molesta
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Figure 4: Examination of a human head hair. In this variation of the CAT, the hair is used as a bending spring. It is horizontally placed above the
surface of the liquid in the tweezers and the bending before snap-off is measured with hair surfaces of different conditions (a) no coating (natural hair
surface), (b) hair coated with teflon and (c) hair coated with silicone. Whereas the adhesion force depends on the coating, the elastic properties, such
as the spring constant or Young’s modulus of the hair, remain unchanged by the coating.

Table 1: The elastic and adhesive behavior of human head hairs with different coatings.?

Natural hair
adhesion force (UN) 447+12+06
spring constant (mN/m) 19.1+£08+0.3

Young’s modulus (x 105 N/cm?2) 2.96+£0.10+0.20

PDMS-coated hair end Teflon-coated hair end

36.6+1.0+0.6
206+08+04
3.10+£0.12+0.23

35.1+13+0.6
201+£1.0+£04
3.07£0.12+0.22

8The data for each measurement is followed by the associated statistical and systematic error, respectively.

trichomes were determined as Fygpesion = (19.5 + 0.3 £0.4) uN
and D = (2.1 £ 0.2 + 0.2) N/m, respectively, where the data is
followed by the associated statistical and systematic error. As
water adhesion and elasticity are key factors in order for
Salvinia molesta leaves to maintain a persistent air layer under
water, the resulting values can now be used as a basis for devel-

oping artificial air-retaining surfaces for technical applications

based on a biomimetic approach. An example which further
demonstrates the potential of this method was the investigation
of the water adhesion force of natural and coated human head
hairs, which is of high relevance for hair cosmetics, and the
measurement of Young’s modulus of the hairs. The latter was
determined to be 3.0 x 105 N/cm?2, which is in good agreement

with values from literature. Finally, further proof of the validity
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Figure 5: Proof of concept and accuracy of CAT, using specially cali-
brated AFM cantilevers. Determining the spring constant of the cali-
brated cantilever using the same settings as used for the individual
hairs (see above, Figure 4) yields a spring constant in agreement with
that given by the manufacturer.

of the capillary adhesion technique (CAT) was given by the
measurement of the elastic force constant of 0.195 N/m for a
calibrated atomic force microscopy cantilever.
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