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Gecko adhesion is investigated by molecular dynamics simulations. It is known, that the gecko adhesion
system shows increased pull-off forces in humid environments. A coarse-grained model of gecko beta
keratin, previously developed in our group, is extended and used to elucidate the molecular
mechanisms involved in this humidity effect on adhesion. We show that neither the change of the
elastic properties of gecko keratin, nor capillary forces, can solely explain the increased pull-off forces of
wet gecko keratin. Instead, we establish a molecular picture of gecko adhesion where the interplay
between capillary bridges and a mediator effect of water, enhances pull-off forces, consistent with
observations in AFM experiments at high humidities. We find that water density is raised locally, in
molecular scale asperities of the gecko keratin and that this increase in local water density smoothes the
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surface-spatula interface. Water, which is absorbed into the keratin, acts as a mediator, and leads during
pull-off to the dominant contribution in the van der Waals energy, because the dispersion interactions
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1 Introduction

Geckos owe their incredible ability to run on walls" and even on
ceilings due to billions of spatulae at the end of millions of
setae on their toes. The spatulae are in molecular close contact
with the surface. The mechanisms behind this remarkable
adhesive ability have been investigated for decades®* and
shown to be, among others, van der Waals interactions.
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Section S3: dry gecko keratin equilibration; Section S4: wet gecko keratin
equilibration; Table S1: pulling velocities and loading rates used; Table S2: table
of force probe molecular dynamics simulation results; Fig. S1: smoothed force
profiles as function of pulling velocity; Fig. S2: pull-off pressures of wet keratin on
a dry surface; Fig. S3: pull-off pressures of wet keratin as a function of Young
modulus; Fig. S4: density profile of weakly hydrophilic keratin during pull-off;
Fig. S5: density profile of weakly hydrophilic keratin during pull-off; Movie S1:
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between water and surface are primarily opposing the pull-off.

Additionally, gecko adhesion is typically enhanced by increased
relative ambient humidity, however, the mechanism behind
this humidity effect is still intensively debated.*”” The dominant
hypothesis is the change in the Young modulus of setae upon
swelling.>®® The potential role of humidity-enhanced capillary
forces has also been discussed.*® The special case of a water
layer present on all kinds of surfaces®®'® at high humidity has
been investigated, and the enhanced adhesion has been
explained by either capillary forces or material softening.
Mitchell et al.'* recently came to the conclusion, that the two
mechanisms are not mutually exclusive, but that capillary forces
increase pull-off forces at hydrophilic surfaces and that material
softening is responsible for the increased adhesion at hydro-
phobic surfaces. A molecular perspective on the humidity effect
is, to our knowledge, non existent, but of great importance for
understanding gecko adhesion and for the design of biologically-
inspired synthetic gecko adhesives.

The multi-level hierarchical structure of the gecko adhesion
systems begins at the millimeter scale, where millions of setae
(around one hundred micrometers long) are situated on lamellae,
found on each gecko’s toe pad. Fibrillar structures inside the setae
containing beta keratin filaments'*"* split at the end of each seta
into hundreds to thousands of spatulae (around one hundred
nanometers long)."*"* This milli- to nanoscale structure gives the
gecko the ability to attach its spatulae to a wide range of surface
roughnesses.'®"”

As the gecko walks on a substrate the amino acids of the
keratin on the spatula surface are in close contact with the
surface atoms. We hypothesize that the main driving force of
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humidity-enhanced adhesion can be explained by van der
Waals interactions. To verify the hypothesis we extend a purely
Lennard-Jones based coarse-grained model of dry gecko keratin,
previously developed in our group," which was validated against
mechanical properties of setae and spatula with the Young
modulus and Poisson’s ratio, but did not yet encompass
adhesion to a surface, by implementing a water and a surface
model. The extension of the coarse-grained model allows us to
attach the gecko keratin model to a surface and study the effect
of water upon pull-off.

To investigate the humidity effect and the role of water on
the ability to increase adhesion, this study uses as a first force
probe molecular dynamics (FPMD) simulations - to compute
pull-off forces of the keratin from a hydrophobic surface with a
contact angle of greater than 110°. The primary target of our
model is to achieve a balance between realistic, experimental
systems and computational efficiency, allowing us to reach the
time and length scales necessary to make reasonable comparisons
against experimental pull-off forces and pulling velocities. Since
our aim is to elucidate molecular mechanisms of the enhanced
pull-off force in humid environments on hydrophobic surfaces,
we are particularly interested in the experimental conditions of
Huber et al.* Their work showed increased pull-off forces of a
single spatula with increasing ambient humidity on a hydrophobic
octadecyltrichlorosilane self-assembled monolayer (OTS-SAM)
surface. Since the water content and hydrophilicity of gecko keratin
at given humidities is not known, we use one water content
(10 wt%). We also experimentally investigate the upper boundary
of water content at very high ambient humidities for gecko keratin-
like materials, and show that the water content in our models are
within the experimental range of possible water contents.

We use the term hydrophilicity as a way to relate between the
experimentally-observed phenomenon which influences the
contact angle of water on flat surfaces and our molecular
perspective, where the strength of water-keratin energetic
interactions and water-water interactions result in a macro-
scopic experimentally-observable contact angle. Huber et al.*
calculated the contact angle of gecko claw keratin and esti-
mated the contact angle for spatula keratin. The gecko claw
keratin had a contact angle of around 128°. We show, however,
that gecko claw keratin can absorb up to 30% of water content
at high humidities. Due to this discrepancy, on one side a
super-hydrophobic contact angle and on the other side a major
absorption of water, we are skeptical of the contact angle
estimated by Huber et al.* for gecko spatula keratin. We expect
that there is a correlation between contact angle and water
content. The contact angle of water on polyamide surfaces
immersed in water shows a decrease in contact angle with
exposure time to water'® and a correlation between water
content increase and contact angle decrease is established for
increasing hydrophilicity of aliphatic polyamides.'® Because we
do not know the real experimental hydrophilicity of spatula
keratin, we create different gecko keratin models with different
hydrophilicities. Higher hydrophilicity would result in a
smaller contact angle with water, lower hydrophilicity would
lead to a larger contact angle. Due to our multiple keratin

1248 | Soft Matter, 2022,18,1247-1263

View Article Online

Soft Matter

models-approach, we can study the effect of possible hydro-
philicities of adhesive materials on the pull-off force in ambient
humidity. This insight into the effect of hydrophilicity of the
adhesive material may drive the design of better biologically-
inspired synthetic gecko adhesives.

We conduct simulations of bulk keratin, without a surface
present, in order to extract mechanical properties. They are
validated against experimental results and the effect of water is
discussed. We conduct non-equilibrium simulations in which
dry or wet keratin is pulled off the surface by an external force,
which we call pulling simulations, for short, from here on. We
will show an additional effect of water besides the effective
reduction of the Young modulus and the capillary forces. In the
hypothetical case of a strongly hydrophilic keratin (same
applies to synthetic adhesive materials), which may readily
absorb water into its interface region between surface and
spatula, water acts as a mediator for keratin to surface interactions.
Water also smoothes the molecular scale roughness of gecko
keratin and allows it to form additional molecular contacts with
the underlying surface. This smoothing of the molecular scale
roughness due to water may also be a important factor in case of
surfaces which are rougher than our OTS-SAM, where water would
fill into surface cavities.

There are three main results from this study. First, depending
on keratin hydrophilicity, either capillary bridges or a water
mediating effect enhances adhesion in scenarios where water is
present, which we show by correlating the change in van der
Waals interaction with density profiles (Section 3.3.3). Second, we
demonstrate that water fills the molecular asperities between the
spatula and surface, effectively smoothing the spatula-surface
interface. This smoothing is evident in the two-dimensional
density profiles and trajectory movies (ESIT), both of which show
that water fills into the gaps between keratin and the surface and
smoothens the interface (Section 3.3.3). Lastly, because spatula
softening cannot explain the enhanced pull-off forces, we
challenge the popular hypothesis in gecko adhesion research
that water making the keratin soft is solely responsible for
the enhanced pull-off forces (Sections 3.1 and 3.3.2). In Section
3.1, we also validate our model against experimental material
characteristics.

2 Models and computational details
2.1 Force probe molecular dynamics: pulling simulations

We use FPMD to compute pull-off forces of gecko keratin from
a space-fixed surface in presence of different water contents
(0 or 10% water content in keratin and/or a water layer between
the surface and the keratin or a dry hydrophobic surface).
In resemblance to atomic force microscopy (AFM) experiments
with gecko setae and spatulae,® a virtual cantilever is linked to
the keratin and the cantilever is moved vertically, away from the
surface, until the keratin detaches. To accomplish this setup,
the keratin model is placed into contact with a surface, which
then strongly adheres to that surface. By moving the virtual
cantilever (modelled as a virtual particle) away from its initial

This journal is © The Royal Society of Chemistry 2022
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position, perpendicular to the surface, a force opposed to the
adhesion force is introduced. When the pull-off force exceeds
the adhesion force, the gecko keratin adhesive material is lifted
from the surface. When in FPMD the adhesion force is larger
than the friction forces opposing the pull-off, ie. internal
friction or a water phase in ligand-unbinding experiments,
the unbinding process is rapid and is also called rupture event.
FPMD is a non-equilibrium molecular dynamics (MD) method
which is typically used to gain insight into unfolding
pathways®' or receptor-ligand unbinding.*?

In our model the virtual particle is linked by a harmonic spring
to the center of mass (COM) of the top layer nanofibrils of our
gecko keratin model, which reduces the bias on the interface
region. We initially position the virtual particle z(¢ = 0) at the COM
of the top layer nanofibrils z = zcom,pq := 0 and move it vertically,
in z-direction, away from the surface, at different constant pulling
velocities. We define z the position of the virtual particle and zcom
the position of the COM of the top layer nanofibrils. The pulling
direction of the keratin on the surface is indicated by the arrow in
z-direction alongside the typical system size in Fig. 1. Details of
the models and computational details follow below.

Moving the virtual particle away from the surface at constant
velocity leads to a linear increase in force Fyy = kpun(vt) with v
being the pulling velocity and ¢ the time. Molecular unbinding
events lead to an increase of the distance between the keratin
and the surface. The force experienced by the keratin is
therefore Fp,ui = kpun(vt — 2(t)), where z(¢) denotes the position
of the virtual particle in pulling direction.

N1

]

| ‘ 155 nm ’ |{j;8 nm

Fig. 1 Pulling simulation setup. The gecko keratin is shown in green on
top of the octadecyltrichlorosilane self-assembled monolayer (cyan)
which is linked to the constrained SiO, surface (purple). Four layers of
nanofibrils are stacked on top of each other, each parallel to the surface.
The center of mass of the keratin's top nanofibrils is linked to a virtual
particle with an harmonic spring. The virtual particle is moved at constant
pulling velocity away from the surface, pulling the keratin off the space-
fixed surface.

This journal is © The Royal Society of Chemistry 2022
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We use FPMD simulations to investigate the effect of
humidity on the pull-off force of gecko keratin. For each set
of conditions (pulling velocity, water presence, hydrophilicity),
30 independent runs are performed and averaged.

2.2 Models

2.2.1 Dry gecko keratin model. We extend the biologically
inspired coarse-grained two-bead model of gecko setae/spatulae
beta keratin developed previously in our group by Endoh et al.*?
This coarse-grained model for gecko setae/spatulae keratin was
targeted at the mechanical characteristics of the Young modulus
and Poisson’s ratioand is able to reproduce these mechanical
properties. It was inspired top-down, by experimental insights,
and bottom-up by reparameterizations of the MARTINI force
field**® (MARTINI FF). As a reference structure, avian feather
beta keratin was used, which is assumed to be close to gecko
setae keratin in its nanoscale structure, since the amino acid
sequences are very similar between both species.'**® The avian
feather keratin reference established: (1) the beta-sheet region
(Core-box region'*>*®) of the peptide folds in similar fashion and
forms dimers. (2) The dimers associate to nanofibrils,”” which
associate further to a more mesoscale fibrillar structure, also
visible in scanning electron microscopy (SEM) cross-sections of
gecko setae.” (3) The distance between dimers, in the fibril
direction and, assuming hexagonal packing, the distance
orthogonal to the fibril direction. A more detailed description
can be found in the original work."® Endoh et al. mapped the
entire sequence of dimer amino acids into a single coarse-grained
bead, which was called “Core” bead, or CR bead in short, for its
representation of the Core-box region. The keratin amino acid
sequence is, however, not only composed of beta-sheet regions
forming Core (CR) beads, but surrounded by regions which are
predicted to fold in a random-coil like structure, which are known
as the head and tail region.">*® The average amino acid of the
gecko keratin head- and tail sequence, analyzed by Endoh et al., is
mapped into a single coarse-grained bead, representing this
random-coil region, and are called “Amorphous” (AM) beads. The
average'® head region is made up of 64 amino acids and the tail
region of 23 amino acids, which translates to 87 AM beads in total.
The MARTINI FF was used as a start in the parameterization
process of this coarse-grained keratin model. The energetic terms
overestimate the interactions, and should be viewed as the ideal
upper boundary.™?

The Lennard-Jones parameters of the coarse-grained keratin
model are shown in Table 2. The interaction between the CR
and the AM beads is ecr_am = 28.6 k] mol ' and, given the large
size difference between CR and AM beads we shift the potential
by a distance r§¥ ™. The potential in eqn (1) shifts the position

of the singularity to r = FSR-AM,

oAM 12 oAM 6
ULi(r) = 4¢ (r — rgR—AM) - (r _ ,,OCR—AM) (1)

Like Endoh et al., we use 16 CR beads in the nanofibrillar
direction of the simulation box. For the initial configuration a
total of 16 nanofibrils are fitted into the initial simulation box
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of dimensions 15.485 nm, 13.411 nm, and 18.92 nm, with
hexagonal packing. We use the same system size as the previous
work,"? which is in the order of the thickness of a spatula (having
a thickness of about 20 nm). More details about the procedure to
generate the initial structure can be found in Section S1 (ESIf).
A bulk simulation of the dry keratin is used to calculate
mechanical properties, in three-dimensional periodic boundary
conditions (3D PBC). Dry keratin is placed on top of a hydro-
phobic surface under 2D PBC, and is used for the pull-off
simulations.

2.2.2 Dry gecko setae keratin model on a dry hydrophobic
surface. We extend this gecko keratin model with parameters for a
hydrophobic surface and for water, and hence, call the old model
without water, the dry gecko keratin model. The hydrophobic
surface is inspired by work of Huber et al.* (a illustration of the
gecko - setae - spatula - molecular level can be found in the work
of Sauer et al.”® SEM images of the Spatula attached to a surface in
Verenberg et al*’) in which gecko spatulae were pulled-off a
octadecyltrichlorosilane self-assembled monolayer (OTS-SAM)
covalently bonded to a SiO, substrate, as was done by Huber
et al in their experimental study. The SiO, substrate is
constrained, and does not move, functioning as a space-fixed
external potential in the vapor phase surrounding the keratin.
We integrate the OTS with the SiO, substrate into single coarse-
grained molecules made up of two different MARTINI bead types.
Five MARTINI C1 type beads are connected in series and the end
of this alkane chain is connected to one MARTINI Qa bead. C1
type beads represent the apolar alkane chain and the Qa bead the
first layer of the SiO, surface, respectively. Huber et al.* measured
the height of the monolayer to be 2.4 nm thick; the MARTINI FF
maps four heavy atoms to one coarse-grained bead. Our mapping
was chosen such, that this thickness is reasonably reproduced by
the combined Lennard-Jones radii, leading to the five C1 beads
described. The tails of the OTS-SAM are free to move in this
model. We freeze, however, the position of the Qa beads after we
performed an energy minimization, to obtain a fixed surface.
This fixed surface allows the keratin to be pushed against and
subsequently pulled-off from. The packing behavior of OTS on a
silicon dioxide substrate and the resulting tilt angle of the alkane
chain, is well understood.*** Since we include the covalently
bonded SiO, surface as a bead, it allows straight forward
implementation of the equilibrium tilt angle 8", We use a
common packing density of 1 molecule per 0.22 nm, which leads
to a tilt angle of O ©*"“* = 173.0°.>® The distance between the Qa
bead, representing the SiO, layer, and the keratin is large enough,
that the Lennard-Jones interactions are beyond their cutoff or very
rarely sampled during pull-off. A full representation of the SiO,
layer, including beads which do not carry a C;g alkane, was
therefore not used. Table 1 lists the bonded parameters for the
OTS-SAM surface molecules.

Lennard-Jones interaction parameters between the alkane
chains (C1 beads) and the keratin are computed by the
geometric mixing rule. As mentioned earlier, the interaction
parameters in the dry keratin model are overestimated.
Additionally, recent studies showed that the MARTINI FF
generally overestimates protein aggregation.®® There are many
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Table 1 Interaction parameters of one octadecyltrichlorosilane self-
assembled monolayer coarse-grained molecule. The equilibrium bond
length ro and the spring constant ky, are taken from the MARTINI force
field. The equilibrium angle 0§31~ is chosen in accordance to Barriga
et al.>* The force constant of the harmonic angle potential k, is taken from
the MARTINI force field

Type 1, (nm) &y, (k] mol™* nm™") Bond angles 0, (deg) k, (k] mol ™)
C1-C1 0.47 1250 C1-C1-C1 180.0 25.0
Qa-C1 0.47 1250 Qa-C1-C1 173.0 25.0

different combination rules to compute nonbonded interaction
parameters of the Lennard-Jones potential for unlike interactions.
To compute nonbonded interaction parameters between the over-
estimated interactions from Endoh et al and the interaction
parameters of the MARTINI FF we use scaled geometric mixing.
To that effect, we scale the geometric mean of ¢c;_cr and ecy-am by
a factor of 0.1. As previously mentioned, we will publish results
soon, showing that the pull-off forces of our keratin are
comparable with experiment, if the whole spatula is simulated
and peel-off is possible. Interactions between the silica Qa beads
and the keratin are not computed. Table 2 summarizes the
Lennard-Jones interaction parameters of the dry keratin model
and the hydrophobic surface.

Since we equilibrate the bulk keratin with different water
contents and varying interactions under NPT conditions, the size
of the keratin patch varies slighty in each of the equilibrations,
which means there is not one surface fitting all. Instead, we
create the surface automatically for each set of water content and
interaction parameters. One of the resulting gecko keratin
patches pressed against the hydrophobic surface is shown in
Fig. 2 with the nanofibrils placed parallel to the surface. Here the
surface has the dimensions 15.4156 nm and 18.7958 nm.
In contrast to the wet gecko keratin model, no water is included
yet. In the systems containing water two 12-6 Lennard-Jones
walls, at z = 0 nm and z = 40 nm with interaction parameters of
C1, are keeping the water beads from leaving the simulation box.
We assume that these walls will not alter our results, since the
total energetic interaction of the wall at z = 0 nm with the rest of

Table 2 Lennard-Jones interaction parameters of the coarse-grained
gecko keratin model and the coarse-grained octadecyltrichlorosilane
self-assembled monolayer with itself, and with the dry keratin model.
With ¢ the Lennard-Jones radius, the shift of the Lennard-Jones singularity
ro and the interaction energy ¢

Type o (nm) 7o (nm) & (k] mol™)
AM-AM 0.59 0.0 8.0
CR-AM 0.59 0.8327 28.6
C1-C1 0.47 0.0 3.5
Qa-C1 0.62 0.0 2.0
C1-CR 0.5266 0.8327 1.8917
C1-AM 0.5266 0.0 0.5292
P4-CR 0.5266 0.8327 22.6
BP4-CR 0.5266 0.8327 22.6
P4-AM 0.5266 0.0 6.3
BP4-AM 0.5266 0.0 6.3
P4-C1 0.47 0.0 2.1
BP4-C1 0.47 0.0 2.1

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Top: Front view (xz-plane) of the dry gecko keratin. The gecko
keratin in green is pushed against the hydrophobic octadecyltrichlorosilane
self-assembled monolayer (cyan) during the preloading phase. The fixed
SiO, beads (purple) do not move throughout the simulation and serve as
anchor points in the vacuum. Periodic images are displayed in x and y (grey),
in z-direction we do not use periodic images. Bottom: Side view (yz-plane)
of the gecko keratin model.

the system is negligible small (the wall-AM interaction is less
then 0.001% of the total Surface-AM interaction energy, or 3.6 x
107°% of the total interaction energy of the system). And the wall
at z = 40 nm is more than a dozen cutoff lengths away from the
keratin throughout our simulations.

2.2.3 Wet gecko setae keratin model on a hydrophobic
surface. The water model employed in our system consists of
MARTINI water and antifreeze water (which we will collectively
refer to as just water), where we replaced, as is done in the
literature,®® 10% of the water beads of type P4 with antifreeze
beads of type BP4. This mixture prevents freezing and clustering
at 300 K.*® BP4 behaves as P4 with the system, except in its
interaction with water itself.*® Each MARTINI water bead maps
onto 4 water molecules. In Table 2 the Lennard-Jones parameters
for the interaction between water with the keratin and the
surface are shown.

Reptilian keratin can take up to 30 wt% (see Section 2.5).
We expect a lower water content at typical ambient relative
humidity and have, therefore, decided to use 10 wt% throughout
this work. Since our water model is a purely Lennard-Jones
solvent, we may be able to make generalizations about the
influence of solvophobicity of keratin. One of these solvents
would be methanol, for example. We will come back to that idea
in the conclusion. Fig. 3 shows the bulk wet keratin after water
insertion.

To generate a system with 10% water content, we use a NPT
equilibrated dry gecko keratin system. Then, we step-wise insert

This journal is © The Royal Society of Chemistry 2022
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Core (CR) forming nanofibrils

Water (MartiniFF)

Amorphous (AM)

Fig. 3 Wet gecko keratin after inserting water under three-dimensional
periodic boundary conditions, used later for the calculation of mechanical
properties. The keratin in (green) is swollen with water (cyan). Snapshot at
1 bar after 1 us NPT equilibration.

water beads as described in Section S2 (ESIf). After the last
insertion step we perform an additional NPT equilibration of 50 ns.
Fig. 3 shows the wet keratin system after insertion of the water.
A bulk simulation of the wet keratin is used to calculate mechanical
properties using 3D PBC. A placement of the resulting wet keratin
system on top of a hydrophobic surface under 2D slab PBC is used
for the pull-off simulations.

In addition to the water inside the wet keratin system, we
also place a monolayer of MARTINI water (10% anti-freeze
water) between the hydrophobic surface and the keratin, just
before the keratin model is pushed against the surface. We call
these setups, which represent the case if setae press against
hydrophobic surfaces coated in dew drops, wet surface or wet
hydrophobic surface. The initial configuration of the monolayer
above the hydrophobic surface is at Zyateriayer = MaxX(C1;2) + opy +
0.5 nm, with X(C1;z) the coordinates of the alkane chain beads in
z-dimension and op, the Lennard-Jones radius of the water
beads. As an example, one of the wet keratin systems on a wet
hydrophobic surface of size 16.3318 nm and 18.4326 nm contain
1071 P4 water beads and 119 BP4 antifreeze beads in the
monolayer above the surface, in comparison, the wet keratin
contains 4123 water beads.

2.3 Parameter variation

To test how robust our choice of interaction parameters is on
the properties we want to investigate, we perform parameter
variation of the dry gecko keratin model, the wet gecko keratin
model as well as their interactions with the hydrophobic surface.
The interaction strengths of unlike interactions between the
keratin beads and MARTINI water beads are calculated as ¢; =
4/€i€; where as the Lennard-Jones ¢ were kept. To explore the
robustness of our model, we scale the Lennard-Jones potential.
In case of the dry keratin this effectively means scaling the
well-depth of the Lennard-Jones potential ¢ of the AM-AM and
CR-AM interactions. In case of the wet keratin, the water—
amorphous (W-AM) and water-core (W-CR) interactions are
scaled (The P4 and BP4 beads of the MARTINI force field, both
have the same interactions with keratin and surface). In total,

Soft Matter, 2022, 18, 1247-1263 | 1251
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E*. The red text highlights the Young modulus of the original model at
12.56 GPa. The Young modulus is robust against variation of ¢. We use the
standard deviation of the mean as the error.

25 dry keratin systems with different interaction energies ¢ are
equilibrated. We then calculate the mechanical properties,
Young modulus and Poisson’s ratio, and the pull-off force for
all 25 systems. Fig. 4 shows the Young modulus as a function of
the parameter variation and Fig. 9 shows five pull-off spectra for
five variations of eayv_ay at constant ecg_ayv = 28.6 kJ mol™.
We concluded, that the trends are robust against parameter
variation of the dry keratin and choose the original parameter set
for the dry gecko keratin model (eans-ans = 8.0 k] mol ™" and ecg_an =
28.6 k] mol™") for the following parameter variation of the wet
gecko keratin model. Here, the W-AM and W-CR interactions are
scaled, resulting in an additional 9 wet keratin systems with
different hydrophilicities of the keratin. We call the wet keratin
model with the smallest scaling factor A = 0.5, for both W-AM
and W-CR interactions, the weakly hydrophilic gecko keratin. The
system with 4 = 1.0, for W-AM and W-CR, the strongly hydrophilic
gecko keratin. Fig. 5 shows the weakly and strongly hydrophilic
keratin systems resting above the wet hydrophobic surface.

Weakly hydrophilic keratin Strongly hydrophilic keratin

. Vapar<. .-, - LT
v — Ppa \ e
" Water solvated © <. "

. . “wet keratin®. -~

Fig. 5 Wet gecko keratin systems. The keratin in green is swollen with
water (cyan). On the left the weakly hydrophilic keratin shows clustering of
water beads and more water in the vapor phase compared to the strongly
hydrophilic keratin on the right. The strongly hydrophilic keratin on the
right leads to a more uniform distribution of the water beads, especially in
the interface region between surface and keratin. In both cases a water
vapor above the keratin is visible.
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2.4 Computational details

All simulations are carried out using the GROMACS 2018’
software package. The Lennard-Jones cutoff is 2.1 nm.
All intermolecular forces are parameterized into our force field,
including electrostatics and dispersion interactions, therefore
we have no explicit charges present in the system.

The Equilibration procedure for the dry gecko keratin and
the wet gecko keratin can be found in the Sections S3 and S4
(ESIT).

2.4.1 Bulk calculations. Production runs to calculate the
mechanical bulk properties, Young modulus and Poisson’s
ratio, are performed under three-dimensional PBC using a time
step of 10 fs. A Berendsen thermostat and a semi-isotropic
Berendsen barostat®® are used to keep the system at 300 K and
1 bar. The time constant of coupling the temperature is 71 = 2 ps.
The barostat uses a coupling time of 7, = 5 ps and a compres-
sibility of 4.5 x 107> bar " in xy, but a compressibility of 0 bar "
in z, as was done in the previous work."® Thus, no size fluctuations
are allowed in the direction parallel to the nanofibrils. The
systems are stretched, ie. uniformly scaled, in the direction of
the nanofibrils, in steps of 1%, ranging from 0% to 5% strain.
Simulation times are 100 nm at each strain. After testing for
convergence we use the last 70 nm for the computation of the
Young modulus and Poisson’s ratio. We perform 6 production
runs and use the standard deviation of the mean as the error
estimate.

2.4.2 Hydrophobic surface equilibration. For the pull-off
simulations, we transfer the equilibrated bulk gecko keratin
systems into 2D PBC above a hydrophobic surface. The system
is only periodic in the coordinates parallel to the surface (x,y).
From the bulk keratin NPT equilibrations, we choose a configuration
closest to 1 bar pressure, since our pulling simulations are run
in NVT conditions. To accomplish that, we choose the latest
frame in the trajectory where the squared deviation in the
instantaneous pressure is (1 bar — pine)* < 0.03 bar?. In our
model the keratin fibrils are parallel to the surface (y-direction).
The x and y simulation box lengths are used to generate the
hydrophobic surface (Section 2.2.2). After inserting the
OTS-covered hydrophobic surface into an otherwise empty box
of the correct dimensions, it is energy minimized using steepest
descent until the maximum force is below 0.1 k] mol™* nm™".
For the wet surface systems, we then add a water layer above the
hydrophobic surface and perform an energy minimization of the
surface and the water together. The keratin systems are inserted,
such, that the minimum distance between the surface beads and
the keratin beads is 2.0 nm.

2.4.3 Gecko keratin pull-off simulations. The gecko keratin
pulling simulations are performed in the NVT ensemble after
the hydrophobic surface equilibration (Section 2.4.2). After
transferring the dry or wet keratin system above the energy
minimized dry or wet hydrophobic surface, the keratin is
placed near to the surface. We quickly move the keratin in
7700 simulation steps with a time step of 1 fs and a Berendsen
thermostat with a time constant of coupling the temperature
of tr = 2 ps, closer to the surface. The COM of the top layer
of the CR beads zcom is moved with a harmonic spring,

This journal is © The Royal Society of Chemistry 2022
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Kpush = 3000 k] mol™' nm™? and a velocity of 10 x 10° pm s~
(or 10°> nm ns™ ), very shortly towards the surface. We then pick a
configuration from the resulting trajectory where the minimum
distance between any surface bead and any keratin bead is
~0.3 nm.

We mimic the experimental preloading force for the spatula
described by Xu et al.?® over a simulation time of 100 nm. We
choose a long equilibration time of 100 nm, but zcom already
converges in around 25 nm. Xu et al.>° used a preload of 10 nm
on the spatula that, according to the authors SEM image, had

2
an elliptic area of roughly A=rm-2a-2b=rn- 002nm ‘
1502““1 — 23560 nm?, with 2a the width and 2b the height of

the ellipse. This amounts to a pressure of p = 4.24 bar.
We translate this experimental preloading to a pushing in the
direction towards the surface using a constant force. We want
to mention here, that the size of the spatula can be used to
calculate the corresponding preloading force, but a comparison
of the force needed to pull-off the keratin is not possible. This is
because the pull-off force is smaller when an adhesive is peeled
off compared to the flat-on-flat pull-off we simulate. This peel-off
is not possible to simulate with periodic boundary conditions,
which are necessary for our system size. However, we will
publish results of a full mesoscale spatula soon, showing that
our pull-off forces are comparable to experimental studies if
peel-off is taken into account. Instead of simulating the com-
plete peel-off of the spatula, flat-on-flat pull-off simulates just a
small section of a spatula, small enough that flat-on-flat pull-off
is justified. We calculate the preloading force for all 25 dry
keratin and 9 wet keratin systems, given their varying sizes, after
equilibration using different interaction parameters and different
water contents. As an example, in one of the systems this results
in a constant-force preload of Fpreioaa = 73.97 kJ mol ' nm ™.
A Nosé-Hoover thermostat®*° is used to keep the systems at
300 K. The time constant of coupling the temperature is tr = 2 ps.

Afterwards, we let the system relax to mimic the time when
the experimental setup is switched from preloading to pulling.
The time this takes in experiments is not mentioned in the
literature for gecko spatula pull-off. We give the system 100 nm
to relax.

The pull-off runs are simulated with a harmonic spring
constant linked to the COM of the top layer nanofibrils which
is pulled away from the surface. We varied the harmonic spring
constant between 3000 and 7000 k] mol~* nm ™2, together with the
corresponding pulling velocity to maintain a constant loading rate
F= kpun'v. We did not see a difference in maximum force, therefore
we decide to proceed with a value of kpu = 5000 k] mol ' nm™?.
We discuss the loading rate dependence (changing F = kuv)
below in Fig. 9. Since at this point in our protocol we start from a
structure where the keratin is attached to the surface, a jump-in,
typically observed in AFM force curves, can not be observed. Every
100 steps we gather the force on the harmonic spring, by which we
get a raw force profile over the pulling simulation. Fluctuations in
the raw force profile due to the resonance frequency of the
harmonic spring and due to thermal fluctuations of the particles
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linked to this harmonic spring, are artifacts which are smoothed by
a Gaussian function (Fig. 6) with a kernel width respective of
0.1 nm, as was done by Sheridan et al.*' The pull-off force is the
maximum force during the pulling run. It is the force needed to
separate the keratin from the surface. This force is obtained by
taking the highest value of the smoothed force profiles.

To test the dependence of the pull-off force on the pulling
velocity v (which is proportional to the loading rate), we use
different pulling velocities ranging from 3 x 10> pm s~ " to 3 x
10" um s~ (or 0.3 to 30 nm ns~'). The pulling velocities used in
this work are summarized in Table S1 (ESIt) with their corres-
ponding loading rates F = kpuv. For the range of pulling
velocities we perform 30 pull-off runs from the same relaxed
structure.

By using kernel density estimation®! on the maximum pull-
off forces extracted from the smoothed force profiles (Fig. 6),
the most probable pull-off force is accessible.

To estimate the error in the pull-off forces we perform an
additional set of simulations for the weakly hydrophilic wet
gecko keratin system. After the wet keratin equilibration
(Section 4) we start five pull-off simulations (Section 2.4.3) with
different initial velocities. These five blocks repeat the 100 ns
preload step and the 100 ns relaxation. For the range of pulling
velocities from 3 x 10 * um s ' to 1 x 10 2 um s~ ' we perform
30 pull-off runs each. This results in 150 pull-off runs for each
pulling velocity or a total of 1050 pull-off runs, used in the
estimation of the error. The resulting maximum pull-off forces
are accumulated, and, using kernel density estimation we
extract the most probable pull-off force for each velocity. From
the most probable pull-off forces at each pulling velocity,
we calculate the standard deviation between the five blocks.

2000 T T T 1 1 1
T 1 1
1500 | .
1500
2
- 1000
LLD.
S 500
(o]
[F
0
—— smoothed force raw force
_500 1 L L 1 1 1
0 1 2 3 4 5 6

Time t (ns)

Fig. 6 Force profile of a wet gecko keratin pull-off from a dry hydro-
phobic octadecyltrichlorosilane self-assembled monolayer with a pulling
velocity of v = 3 x 10° um s~ L. The force on the harmonic spring Fouu 1S
plotted against the time t. After smoothing the raw force (transparent blue)
with a Gaussian kernel with a width respective of 0.1 nm in the position
domain, the resulting smoothed force profile (blue) is used to extract the
maximum force during pull-off. The force starts at zero but rises sharply.
The Gaussian smoothing leads to non-zero force at t = 0 nm, but this
behavior does not influence the smoothed profile afterwards and we only
use the maximum force in the smoothed force profile in our investigation.
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This standard deviation is used as the error estimate in the
pull-off forces.

2.5 Experimental assessment of the water content in reptile
keratin

Dry shed skin samples (dorsal and ventral scales) of the snake
Naja nigricollis and dry pieces of claw tips of the Gekko gecko
toes were used in this experiment. Initially, individual samples
were weighted at 24 °C and 23% relative humidity using Cubis
II Ultra-Micro Balance (Sartorius) with the resolution of 0.1 pg.
Then the samples were kept for 48 h at 24 °C and 90% relative
humidity and weighted again. Finally, the samples were kept
for 48 h at 24 °C and 23% relative humidity and weighted again.
The mass loss in % due to the water evaporation was calculated.

3 Results and discussion

3.1 Elastic properties of wet and dry bulk gecko keratin:
water-moderated softening of keratin depends on its
hydrophilicity

The attachment of spatulae depends on the elastic properties of
the keratin in two ways: (1) a flexible spatula is able to follow
the surface topography and allows for more contact. (2) The
pull-off force, the force needed to separate the spatula from the
surface is directly proportional to the Young modulus. To
validate the elastic properties of our keratin models, we calculate
the Young modulus and Poisson’s ratio and validate against
experimental results. Fig. 7 shows the stress-strain behavior
from 0% to 5% strain ¢,,, of the dry Endoh et al™® model in
black, after parameter variation of the dry gecko keratin model
in grey and alongside a strongly and weakly hydrophilic gecko
keratin in blue and cyan. The parameter variations (grey) (also
Fig. 4) show that the dry keratin is robust against variations in

600.0 Parameter variations
Ecr-am = 28.6 k] mol~! ]
—_ >00.0 —I eav-am =8 kJ mol~?
L Endoh et al.
o .
S 400.0 - .
= _I_EW_AM—6.3 kj mol
t'?‘ 300.0 Ew_cr=22.6 kl mol~!
[} — -1
n EW—AM—3-2 kJ mol
% 200.0 Ew_cr=11.3 k] mol~!
100.0 1

0.0

1 1 1 L L L L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Strain &,

Fig. 7 Tensile stress—strain curves for bulk dry gecko keratin (black) at
small variations from the original Lennard-Jones interactions energies ¢
(grey) and wet keratin (10 wt% water). The stress o, is plotted against the
strain ¢,, along the fibrillar direction. Strongly hydrophilic keratin (blue) and
weakly hydrophilic keratin (cyan) show similar qualitative trend change
compared to the dry keratin, as is seen with the trend change in experi-
mental studies on dry versus wet keratin,® as the Young modulus is
decreased and the stress—strain curve becomes flatter at strains over 1%
to 2%. We use the standard deviation of the mean as the error.
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the nonbonded interaction parameters, a reason being that most
load is taken by the bonds between CR beads, which are largely
unaffected by the nonbonded interactions.

The slope of the first 1% of the stress-strain curve is used to
calculate the Young modulus. The calculated Young moduli for
all parameter variations of the dry keratin are shown in Fig. 4.
The Young modulus of the dry keratin using the original model
parameters E* is highlighted in red. The highlighted Young
modulus of E* = 12.56 GPa is around 5% less than the result of
Endoh et al.™ (13.2 GPa). A possible explanation may be the
much longer NPT equilibration of 100 nm compared to 7.5 nm
and the longer trajectory used for analysis (30 nm versus
7.5 nm). The resulting Young modulus of our models is robust
against variation of gxy-am and ecg-am. Decreasing the CR-AM
interaction energy from the original ecg-am = 28.6 kJ mol* by
40% to ecp-am = 17.2 k] mol ' only decreases the elastic
modulus to 97% of its original value. Modifying the AM-AM
interactions influences the elastic modulus only slightly more.

The hydrophilicity of the gecko keratin, modeled by the
interaction between the keratin and the water (ew_cr and &éw_am)
has, however, significantly greater effect on the Young modulus.
In experimental stress-strain studies™*> the effect of changing
the relative ambient humidity (RH) is to flatten the stress-strain
curve, leading to a beginning plateau formation above 1% to 2%
strain. Increasing RH leads to a greater uptake of water into the
keratin, which increases the water content of the material and
leads to a reduction of the Young modulus. Qualitatively, in
Fig. 7, the flattening of the stress—strain curve is comparable to
the behavior of experimentally>** observed deviations due to
RH. Since the water content of gecko keratin at these relative
ambient humidities is not known, we can take no conclusion of
whether the weakly hydrophilic or strongly hydrophilic keratin is
closer to experiment, both having a water content of 10%.

We may want to make a very careful observation of the
effects of keratin hydrophilicity on the elastic properties,
resembling the change in elastic properties due to changing
RH. It is however important to keep in mind that changing the
hydrophilicity does not entail a change in water content of the
keratin and no resulting swelling effects. In experimental
work®® the elastic modulus of dry biological materials (e.g.
insect exoskeletons) was found to be about five times higher
than for the same material affected by ambient humidity.
For experimental specimens, typically only the ambient relative
humidity (RH) is reported, whereas the corresponding water
content appears to be unknown. Also, in the case of avian
feathers,”> going from 0% RH to 50% RH decreased the
Young modulus from 3.66 GPa to 2.58 GPa, which translates
to 30%. The change between 50% RH and 100% RH was
even more pronounced, with an additional decrease by 43%.
This experimentally*® found decrease in the elastic modulus
with increasing RH in beta keratin materials can be compared
with changes we observe (Fig. 8(A)). The Young modulus of our
strongly hydrophilic keratin E° (red in Fig. 8), of E° = 6.78 +
0.31 GPa is 54% of the elastic modulus of the dry keratin, i.e. a
decrease of 47%. The weakly hydrophilic keratin, with a Young
modulus of 4.75 £ 0.21 GPa is 38% of the dry elastic modulus.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (A) Normalized Young modulus £/E° of wet gecko keratin as a function of W—AM and W-CR Lennard-Jones interaction energy ¢. The Young
modulus E is normalized with the Young modulus of the unscaled Berthelot combination E° for the Lennard-Jones interaction parameter & between
MARTINI force field water and the coarse-grained parameters of the keratin model, representing the strongly hydrophilic keratin. (B) Mean Poisson ratio

1 1=5%

v > v(e.: = 1) over 0% to 5% strain of the wet keratin as a function of the Lennard-Jones interaction energies ¢. Results from strongly hydrophilic wet

gecko keratin (red). We use the standard deviation of the mean as the error and error propagation where two values are compared.

Or, as Fig. 8 shows, 70% of the strongly hydrophilic keratin,
resulting in a decrease of 30%. This reduction in the elastic
modulus from the dry keratin model to the strongly hydrophilic
keratin model to the weakly hydrophilic keratin model matches the
reduction in Young modulus seen by Taylor et al.** in avian feather
keratin. In this careful observation, it would suggest that our
strongly hydrophilic gecko keratin model may have the elastic
properties of keratin at 50% RH and our weakly hydrophilic keratin
model may have the elastic properties at 100% RH. Again, compar-
ison of our computational models to experiments is difficult, since
in the literature detailed specifications are often missing.

The hydrophilicity of the amorphous phase (W-AM interaction
energy) has a stronger effect on the Young modulus than the
hydrophilicity of the nanofibrils (W-CR interaction energy). But as
a general trend, lowering the hydrophilicity of keratin leads to a
decreased Young modulus, independent of whether the amor-
phous phase or the nanofibrils are less hydrophilic. This general
trend can also be seen with Poisson’s ratio (Fig. 8(B)). The
Eisenberg hydrophobicity scale*® of the gecko keratin protein
sequences'>*® shows them on average to be on the more hydro-
phobic end ((H) > 0.2). Our result indicate that this leads to a
more flexible spatula, compared to protein sequences which
would be more hydrophilic in nature. One may speculate that
there is a evolutionary trend towards a more weakly hydrophilic
keratin, making the keratin more flexible in humid environments,
which would increase the pull-off force needed to separate the
spatula from the surface, as we will see later on. A completely
hydrophobic spatula material would, however, not allow the
uptake of water and increased RH in humid environments would
no longer be beneficial for attachment.

3.2 Assessment of the water content in reptile keratin

We used Gekko gecko (Tokay gecko) as a model system (like
most other studies) and, to generalize, these results, we also

This journal is © The Royal Society of Chemistry 2022

tested water uptake in a snake. For the snake skin samples the
water uptake capacity was 20.16% (SD = 3.97, n = 12), whereas
for claw tip of the gecko it was 30.62% (SD = 4.08, n = 4). The
obtained results were well repeatable also in several hydration/
dehydration cycles. Lower water uptake capacity of the snake
skin may be potentially explained by possibly higher lipid
content in the skin of this snake species often occupying rather
arid regions in comparison to the Tokay geckos living under
rather humid ambient conditions.

3.3 Adhesion of gecko keratin to the hydrophobic surface

3.3.1 Pull-off force dependence on the pulling velocity.
As the virtual particle is moved vertically away from the surface,
the force on the COM of the top layer nanofibrils due to the
harmonic potential connecting it to the virtual particle,
increases linearly at all pulling velocities until the keratin
detaches from the surface. For all fast pulling velocities,
periodic oscillations after detachment are observed, which are
due to the keratin swinging around the virtual particle, to
which it is harmonically bonded (Fig. S1, ESIf). The slow
pulling velocities result in a smaller force on the harmonic
spring after detachment (the position of the virtual particle is
closer to the COM of the top layer nanofibrils during pull-off),
and consequently the smaller force in the harmonic spring can
be dissipated internally. As expected, the maximum force at the
detachment event decreases with decreasing pulling velocities.
The computed most probable pull-off forces yield a dynamic
force spectrum, the pull-off force F as a function of the pulling
velocity v (Fig. 9).

We fit the dynamic force spectrum to the Bell + friction

1 In (ﬁkpuuv - Xb
Bxb ko
force, y the friction coefficient, x;, the distance to the potential

model,>"**® F = py 4 ), with F the pull-off
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Fig. 9 Dynamic force spectrum for the maximum pull-off force F of
dry keratin detachment from a dry hydrophobic surface against pulling
velocity v. For five different Lennard-Jones interaction energies eam-am-
Each data point is computed from the most probable pull-off force from a
sample of 30 simulations. The standard deviation of the mean of five
independently equilibrated force probe molecular dynamics simulations at
their corresponding velocities are used as the error estimate. Dashed lines
represent the fits to the Bell + friction model.

barrier and k, the dissociation rate at equilibrium loading
rates. We compare the pull-off force at a pulling velocity of
v =3 x 10° um s ' predicted by the Bell + friction fit, to
incorporate the information from the faster pulling velocities.
The fit to the Bell + friction model shows for our lowest pulling
velocities a deviation from the theoretically predicted scaling of
F ~ log(v) for the limit of very low loading rates (Fig. 9 inset).
It should be noted here again, that our low pulling velocities
correspond to loading rates in the order of 10" pN s~ *, which is
outside the accessible range of AFM-experiments (the fastest
experimental setups®> to date have loading rates reaching
10® pN s 1), hence the limit of low loading rates predicted by
theory is not accessible to our molecular dynamics simulations.
The theoretically predicted scaling in the limit of high loading
rates F ~ v' is clearly visible at pulling velocities v > 10® pm s,
The largest pull-off force in dry keratin on a dry surface is seen in
the model using the original Lennard-Jones interaction energy
eamam = 8 K] mol™" with 932 + 456 pN. If the original AM-AM
interaction is increased or decreased a decrease in pull-off
force can be observed. In the most extreme case of éxpam =
10.4 kJ mol " the Young modulus increases by 4% and the
pull-off force decreases by ~50% to 501 + 45 pN.

3.3.2 Effect of humidity on gecko keratin adhesion: effect of
keratin softening not solely responsible for enhanced adhesion.
Water content has a reliable effect on the pull-off force of keratin
detachment from a hydrophobic surface. If the keratin is swollen
with 10% water, the pull-off force is increased, independent on
the exact hydrophilicity of the keratin material and independent
of the pre-existence of a water layer between the surface and the
keratin (“wet surface”) (Fig. 10 and Table S2, ESIT). The increase
in the mean pull-off force from the dry keratin on a dry
surface Fgq = 932 pN (using eanam = 8 k] mol " and ecpam =
28.6 k] mol ") to wet keratin on a dry surface F,,q = 1317 pN is of
41%. Even greater is the effect of a surface water layer on the
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pull-off force. Here, the mean pull-off force of wet keratin on a
wet surface F,, is nine times larger than Fyq with F,,, = 8440 pN.
The pull-off force needed to detach dry weakly hydrophilic
keratin from a wet surface Fy, clearly shows, that a water layer
is a strong modifier of the pull-off force, as dry keratin sticking to
a wet surface Fj,, = 7821 pN is six times stronger than wet keratin
to a dry surface (Fyq)-

Fig. 10 would suggest, that the effect of a water layer and the
effect of wet keratin are additive rather than multiplicative/
synergetic. The gap-filling capability of the water layer is high,
since it is sandwiched between a hydrophobic surface and the
keratin, modeling setae flattening water layers on hydrophobic
surfaces (Section 2.2.3). Our findings predict that geckos on
hydrophobic surfaces in environments with 100% RH, such as
on plant leaves in rain forests, can effectively use water layers to
enhance their attachment.

For a better comparison between weakly and strongly hydro-
philic gecko keratin, the change in pull-off force between a wet
keratin on a dry hydrophobic surface F,q4 relative to a dry
keratin on a dry surface Fyq and a wet keratin on a wet surface
F, relative to a dry keratin on a wet surface Fj,, (with super-
script 1 for the single, weakly hydrophilic, system), is shown
in Fig. 11 and Fig. S2 (ESIt). The effect of wet keratin on the
pull-off force on a hydrophobic dry surface (Fig. 11(A)) is best
compared to the increase in pull-off force of a single spatula
on the octadecyltrichlorosilane self-assembled monolayer of
Huber et al.,* with humidity, which ranged from ~6 nm at
0% RH to ~9 nm at 60% RH (the size of the spatula was not
described in their work, a comparison of absolute pull-off
pressures p = F/A may also be misplaced, since experimentally
spatulae are pulled off in a way which leads to crack formation,
which is absent in our periodic model, essentially a infinite
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Fig. 10 Mean pull-off forces of four different systems including wet
keratin on a dry hydrophobic surface, wet keratin on a wet hydrophobic
surface (a layer of water between gecko keratin and the hydrophobic
surface during the pushing step, modeling setae flattening water layers on
a hydrophobic surface). To establish the pull-off force of dry keratin on a
wet surface, pulling simulations with the weakly hydrophilic keratin are
used, to compute the pull-off force Fi,. Here the error of wet weakly
hydrophilic keratin on a wet surface is used. Comparing the mean pull-off
forces shows a robust trend of increasing force with increasing amount of
water (dry keratin on a dry surface to wet keratin on a wet surface).
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Jones interaction energies ¢ for Water—Core (W-CR) and Water—-Amorph (W-AM) interactions. (B) Pull-off force of wet keratin on a wet surface Fy,
relative to the pull-off force of dry weakly hydrophilic keratin on a wet surface F&,, shows the influence of wet keratin on the pull-off force in the context
of a wet surface. Wet keratin on both a dry and a wet surface leads to increased pull-off forces compared to dry keratin. (Red) increased pull-off force for
the strongly hydrophilic keratin. (Cyan) increases of the weakly hydrophilic keratin.

large plate made out of gecko keratin with finite volume.
Nonetheless, we included pull-off pressures in Fig. S2 for
completeness, ESIt). This increase by 50% is in agreement with
our wet keratin model (Fig. 11(A)). Here we see an increase in
pull-off force of the strongly hydrophilic wet keratin on a dry
surface by & 50% relative to pull-off force needed to detach the
dry keratin. This compares well with our above discussion of
the modulus, which suggested that the strongly hydrophilic
keratin behaves as if the keratin is at around 50% RH. Weakly
hydrophilic wet keratin leads to a pull-off force increase to
~180%, comparing well with the increased pull-off forces at
100% RH. To repeat, we do not change the water contents and
there is no experimental data which would allow us to know
how much water content is in gecko keratin at a given RH.

The effect of swelling the keratin which sits on the top of a
surface water layer (going from a dry keratin on a wet surface to
a wet keratin on a wet surface) on the pull-off force (Fig. 11(B))
shows a moderate average increase of ~ 8% relative to a weakly
hydrophilic dry keratin attached to a wet surface. Clearly, the
hydrophilicity of the keratin affects the resulting pull-off force, the
strongly hydrophilic keratin increases the pull-off force, when wet,
by ~37% (Fig. 11(A)). In contrast, a weakly hydrophilic keratin
increases the pull-off force by ~95% when wet.

The increase in pull-off force can not simply be explained by the
change in the elastic modulus (Fig. 8), which would predict the
highest pull-off forces for the keratins using the parameter sets
ecrow = 22.6 k] mol ' and either ew_an = 3.2 k] mol ™! or ew_an =
4.4 k] mol ™. Instead the highest pull-off force is observed with
the weakly hydrophilic gecko keratin (ecg_w = 11.3 kJ mol ' and
ew-am = 3.2 k] mol™'). Fig. S3 (ESI) shows minimal to no
correlation between increasing Young modulus by hydro-
philicity of the wet keratin and increasing pull-off pressures.
The minimal trend observable may show increasing pull-off
pressures with increasing Young modulus on a dry surface

This journal is © The Royal Society of Chemistry 2022

which is contrasted by decreasing pull-off pressures on a wet
surface by increasing Young modulus. Additionally, if a water
layer is present, the pull-off force of the keratin is not as
significantly modified by the hydrophilicity of the keratin,
and, therefore not by the change in Young modulus. Which
means that the decreased Young modulus at higher humidity
can not be solely responsible for the enhanced pull-off forces,
putting into question the dominant hypothesis®®'” discussed
in the literature.

To understand the effect of water on the pull-off force, the
location of the water is important. Fig. 12 and 13 show the
density maps of keratin and water for the weakly and strongly
hydrophilic keratin with a layer of water between the keratin
and the surface (in case of the wet surface systems). Comparing
the first 1 nm of the preloading step of the weakly hydrophilic
keratin, seen on the very left of Fig. 12, to the densities of the
last configurations at 50 nm at the very right, it is clearly visible
that the water starts to accumulate and is filling the free volume
between surface and keratin. This gap-filling and clustering is not
as clearly visible in the strongly hydrophilic keratin (Fig. 13). It may
be a reasonable assumption that keratin outside computer simula-
tion will encounter a similar free volume between the surface and
the material of the spatula. These asperities (roughnesses) between
the keratin interface and the surface, may be filled by water,
making the keratin interface smooth, which increases the number
of attractive interactions between spatula and surface. There is
however, to the best of our knowledge, no literature on the
nanometer scale roughness of gecko spatulae. There are however
images®>*” on the hundreds of nanometers scale, from which we
assume a roughness in the single digits.

3.3.3 Humidity-induced enhancement of keratin-surface
adhesion: two molecular mechanisms for two hydration scenarios.
To further explore the differences of our models in regard to the
strongly (Movies S2 and S2b, ESIt) and weakly (Movie S1, ESIt)

Soft Matter, 2022, 18, 1247-1263 | 1257
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Fig. 13 Density profile in the first 0.7 nm layer above the surface during preloading for the strongly hydrophilic keratin. The 2D density profile of the
gecko keratin is shown at the top and the water density profile is shown at the bottom. Going from left to right, the density plots were calculated at
different times during the preload. At t = O nm the smallest distance between keratin and the surface is 2.0 nm.

hydrophilic keratin, Fig. S4 and S5 (ESIt) show the densities of
keratin and water during pull-off from a wet surface. Initially,
the water is filling the gaps between the surface and the
weakly hydrophilic keratin, but this gap-filling is not seen in case
of the strongly hydrophilic keratin (ESI,f Movies S3 and S3b

1258 | Soft Matter, 2022, 18, 1247-1263

show the weakly hydrophilic gecko keratin pull-off from a dry
surface, and ESL} Movies S4 and S4b show the pull-off of
strongly hydrophilic keratin from a dry surface). Thus, in case of
the weakly hydrophilic keratin, the higher gap-filling ability may
explain the main contribution to the increased pull-off force seen in

This journal is © The Royal Society of Chemistry 2022
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Table 3 Geometries of water during pull-off of the wet gecko keratin
systems. The weakly hydrophilic keratin (ew_am = 3.2 kJ mol~tand EW-CR =
11.3 kJ mol™) at the top and the strongly hydrophilic keratin at the bottom
(ew-am = 6.3 kI mol™t and ew_cr = 22.6 kJ mol™)

ew-cr (k] mol™) ew-am (K] mol™) Geometry

11.3 3.2 Capillary bridge
15.8 3.2 Capillary bridge
22.6 3.2 Capillary bridge
11.3 4.4 Capillary bridge
15.8 4.4 —

22.6 4.4 No bridge

11.3 6.3 No bridge

15.8 6.3 No bridge

22.6 6.3 No bridge

Fig. 11(A). The formation of water bridges at the contacting
asperities lead to a capillary force and subsequently increases the
pull-off force.
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In contrast, a strongly hydrophilic keratin absorbs the water
into the interface region (and probably, on longer time scales,
into its volume) which inhibits the formation of capillary
bridges (Fig. S5, ESIt). The strongly hydrophilic keratin therefore
shows only small capillary bridges, containing a small number of
water beads. The water absorbs into the strongly hydrophilic
keratin interface and acts as a mediator for keratin-surface
interactions. Water beads interact simultaneously with the keratin
and with the surface and this molecular bridge acts a proxy for
stronger keratin attachment. This mediating effect of water is
different from capillary forces in that a volume of water is missing
and, therefore, the surface tension of that water volume is not
existent. The molecular water bridges enhance attachment by
increased dispersion attraction between spatulae and surface.
This explains the increased pull-off forces in case of the wet
strongly hydrophilic keratin on a dry surface. The keratin interacts
with the water and the water, with the surface.
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Fig. 14 Density profiles of the weakly (A) and strongly (B) hydrophilic gecko keratin on a wet surface during pull-off. Contributions to the van der Waals energy,
modeled by the Lennard-Jones interaction energies, of the weakly (C) and strongly (D) hydrophilic keratin. The water—keratin (W—K), water—water (W—-W), keratin—
surface (K-S) and water—surface (W-S) potential energies are shown as a function of the displacement of the center of mass of the top nanofibril layer from its
equilibrium position L = Zcom — Zcomea. Normalized with the area A of the systems. Dashed lines represent the energies of the wet keratin on a dry surface (also
shown in the insets), solid lines the energies of wet keratin on a wet surface. The decomposed Lennard-Jones energies of 30 force probe molecular dynamics runs
are binned according to the instantaneous position zcom (binwidth of 0.1 nm). The average energy at displacement zcom and the standard deviation can thus be
calculated. Energies are computed at our slowest pulling velocity of 3 x 10* um s™%. The energies are set to zero at the initial equilibrium configuration, after the
relaxation step, when the keratin is attached to the surface. (A and C) represents the weakly hydrophilic keratin (ey-am = 3.2 kJ mol~* and ew_cr = 11.3 kJ mol ™).
(B and D) shows the strongly hydrophilic keratin (eyw_am = 6.3 kd mol™ and ew_cr = 22.6 kJ mol™). We use the standard deviation of the mean as the error.
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Fig. 15 Water—water Lennard-Jones interaction energies (A) and water—surface energies (B) are shown as a function of the displacement of the center
of mass of the top layer nanofibrils from its equilibrium position L = Zcom — Zcom,ea, Normalized with the area A of the systems. Dashed lines represent
the energies of the wet keratin on a dry surface (shown in the inset), solid lines represent the energies of wet gecko keratin on a wet surface. The
decomposed Lennard-Jones energies of 30 force probe molecular dynamics runs are binned according to the instantaneous position zcom (binwidth of
0.1 nm). The average energy at displacement zcom and the standard deviation can thus be calculated. Energies are computed at our slowest pulling
velocity of 3 x 10% um s™1. The energies are set to zero at the initial equilibrium configuration, after the relaxation step, when the keratin is attached to the
surface. With increasing hydrophilicity (deep purple to bright yellow) favorable water—water interactions (A) turn unfavorable, as the pull-off no longer
shows miniscus bridges. This clear trend which separates weakly and strongly hydrophilic keratin is only seen in case of the pull-off from a wet surface, at
a dry surface (inset) this trend is not as clearly observable. The opposing water—surface (B) interactions do not directly converge after pull-off in case of a
weakly hydrophilic keratin (deep purple), but show convergence for a strongly hydrophilic keratin (bright yellow). We use the standard deviation of the

mean as the error.

Thus, depending on the hydrophilicity of the keratin, water
can form capillary bridges or absorb into the interface and acts
as a mediator for enhanced attractive interactions. Table 3
summarizes the resulting water geometries for our wet keratin
systems. The capillary bridges seen in Fig. S4 and in ESL¥
Movie S1 are of convex shape, because the surface is hydro-
phobic (the C1 type beads, making up the hydrophobic surface,
lead to a contact angle of larger than 110° for the MARTINI
water”®). The capillary force of a convex capillary bridge is much
less than that of a capillary bridge of concave shape, which
would be present on hydrophilic surfaces.***°

Since gecko spatula protein sequences'” are not extremely
hydrophilic (Eisenberg et al.** hydrophobicity scale (H) > 0.2),
and since we observe higher gap-filling capability of water at the
weakly hydrophilic keratin interface, we assume that capillary
forces will play a pronounced role for gecko adhesion on wet
surfaces. But we have also shown (Fig. 11(A)) that no such wet
surface is necessary for enhanced pull-off forces of wet keratin.
Therefore capillary forces can not be solely responsible for
the humidity effect, leaving the decreased Young modulus and
the mediator effect of water to be significant contributions to the
effect of humidity on these surfaces.

To elucidate the underlying molecular mechanism resulting
in the attachment differences with different hydrophilic keratins
in more detail, the potential energy over the course of 30 pulling
runs is decomposed into its different van der Waals contributions.
Because fluctuations in the raw force profile (Fig. 6) are due to
fluctuations in zcom, we histogram the van der Waals energetic
contributions to their respective positions zconm,; (binwidth of
0.1 nm). The average and standard deviation of the decomposed

1260 | Soft Matter, 2022,18,1247-1263

energy are calculated for each bin independently. The standard
deviation of each bin is used as the error in the energy
decomposition plots.

Energy changes as a function of the displacement of wet
keratin from the wet and dry surface L = Zcom — Zcom,eq, are
shown in Fig. 14, as AU = U(zcom) — U(Zcom,kq), normalized with
the area A of the systems. The displacement at maximum force
(L = 0.40 nm) of the weakly hydrophilic keratin (Fig. 14(A and C))
corresponds roughly to a COM position of zcoy =~ 18.0 nm.
The maximum force (at L = 0.37 nm) during the pull-off of the
strongly hydrophilic keratin (Fig. 14(B and D)) corresponds
roughly to a COM position of zcoy & 17.9 nm.

As the weakly hydrophilic keratin is pulled off from the wet
surface, unfavorable water-keratin (W-K, orange), water-surface
(W-S, red) and keratin-surface (K-S, purple) oppose the detachment
(Fig. 14(C)). However, as the weakly hydrophilic wet keratin
detaches from the surface, favorable water-water interactions
are created, favoring the detachment process. The pull-off is not
dominated by keratin-surface (K-S) van der Waals interactions
but by water-keratin (W-K) and water-surface (W-S) inter-
actions. Since the main opposition to detachment is due the loss
of favorable water-keratin and water-surface interactions and,
additionally, a increase in favorable water-water interactions is
observable, the pull-off of weakly hydrophilic keratin from a wet
surface is dominated by capillary forces.

In contrast to the opposing capillary forces of the weakly
hydrophilic keratin on a wet surface, the pull-off of the strongly
hydrophilic keratin from a wet surface seems to be only
primarily opposed by the loss of favorable water-surface (W-S,
red) interactions (Fig. 14(D)). The water functioned as a mediator

This journal is © The Royal Society of Chemistry 2022
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for enhanced interactions with the surface. Since the water is
absorbed into the interface of the strongly hydrophilic keratin,
the pull-off and subsequent loss in water-surface contacts, leads
to a increase of favorable interactions between water and keratin
(W-K, orange). As the water is removed from the surface during
pull-off, it is able to form new, more favorable, water-keratin
(W-K) interactions, which aids detachment.

Favorable water-water interactions during pull-off
(Fig. 15(A)) of the wet keratin from a wet surface are correlated
with the observation of capillary bridges, described in Table 3.
When water coalescence into a capillary bridge, water-water
energies decrease favorably for pull-off and the change in
water-surface energy does not converge directly after the maximum
force (Fig. 15(B)). In case of strongly hydrophilic keratin, after the
detachment event at L ~ 0.4 nm, the water-surface interaction
energy converges to a plateau at larger separation (Fig. 15(B)
yellow). This mechanism is only seen with the more strongly
hydrophilic keratin, where the water becomes an extension of the
keratin and functions as a mediator for enhanced van der Waals
interactions while additionally smoothing its roughnesses. This
leads to stronger attachment due to increased opposition against
pull-off, by water-surface interactions, when compared to the
weakly hydrophilic keratin. Quantitatively this amounts to a differ-
ence in water-surface interactions between weakly and strongly
hydrophilic keratin, at L = 0.4 nm of U**¥(L, = 0.4 nm) — U°*"°"8Y
(L =0.4 nm) = —2.1 k] mol " nm™?, ie. the mediator effect in the
pull-off of strongly hydrophilic keratin is clearly stronger.

Even though the capillary mechanism leads to a strong
opposition by water-keratin energy (Fig. 14(C), orange), it is
compensated on the hydrophobic surface to a large degree by
creation of favorable water-water interactions. Therefore, in the
case of weakly hydrophilic keratin, adhesion may not completely
make use of this strong water—keratin interaction. This may
explain the apparent independence of the hydrophilicity of wet
gecko keratin on a wet surface, as seen in Fig. 11(B).

4 Conclusion

We investigated the effect of humidity on the pull-off forces of
gecko keratin from surfaces by means of force probe molecular
dynamics simulations using a coarse-grained model for keratin,
water and a silica surface covered by an alkyl monolayer. To the
extend of our knowledge, these are the first non-equilibrium
molecular dynamics simulations studying the pull-off of gecko
keratin. Since it is not known how much water content is present
in gecko keratin at a given humidity, we used an intermediate
water content of 10%. What is not known either is the hydro-
philicity of gecko keratin. We have, therefore, explored a wide
range of different hydrophilicities of our gecko keratin model.
Therefore, this work showed robustly the larger pull-off forces
needed to detach wet gecko keratin compared to dry gecko
keratin. More importantly different molecular mechanisms
were detected, how water increases the pull-off forces at high
humidities. Our main findings can be summarized as follows: (i)
capillary forces dominate the adhesion for weakly hydrophilic

This journal is © The Royal Society of Chemistry 2022
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gecko keratin on a wet surface; (ii) but capillary forces play no
role if gecko keratin is hydrophilic enough, for water to readily
absorb from the layer on the surface into the gecko keratin;
(iii) water on the surface acts as a mediator for keratin-surface
interactions, as it interacts strongly with the gecko keratin, and
opposes the pull-off as water-surface interactions are lost;
(iv) water smoothes out nanoscale roughnesses in the gecko
keratin interface by filling gaps between it and the surface (v) on
dry hydrophobic surfaces, capillary forces are far less important;
they are completely absent for strongly hydrophilic keratin, and
increase moderately in relevance with increasing keratin
hydrophobicity; (vi) the mediator effect of water plays a role in
the pull-off from dry hydrophobic surfaces, the dominant con-
tributions arise, however, from the reduction in favorable
keratin-surface interactions.

Our wet keratin systems showed decreases in the Young
moduli with water content comparable to experiment,” especially
the qualitative flattening of the stress—strain curve and the starting
of a plateau formation above 1% to 2% strain. We have also
shown that the dominant hypothesis®®® of the decreased Young
modulus explaining the better adhesion at high humidity, can not
be confirmed. The weakly hydrophilic keratin had by a clear
margin, not the lowest Young modulus, but showed the highest
pull-off forces.

Since our water model is that of the MARTINI force
field,>>* which is a fairly generic solvent particle without a
dipole moment, the mechanisms found here may also be
relevant for the influence of solvophobicity of keratin for other
solvents, for example, methanol. Previous work®! found in the
chloroform-derived gecko’s toe pad extract, NMR peaks at 0.8
ppm (wCHj) and 1.1 ppm ((CH,),), classified as non polar
lipids. The chloroform extraction reduced the mass of the
sample by 8-10 wt%, comparable to our water content. It may
be the case, that the effect we observe, may also have some
bearing on these lipids. Previous work indeed suggests that, by
removing lipids, the maximum shear adhesion of gecko’s toe
pad shads on hydrophobic surfaces is decreased.”
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