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Zusammenfassung

Diese Arbeit prasentiert einen Multi-Skalen-Simulationsansatz, um die Mechanismen der Geckohaf-
tung in Langenskalen von atomar bis mesoskalig zu untersuchen. Wir haben unsere Modelle und
Verfahren gegen Experimente validiert und liefern neue molekulare Erkenntnisse zur Geckohaf-
tung. Wir untersuchen den Effekt von Feuchtigkeit, die Rolle elektrostatischer Wechselwirkungen
und den Einfluss der Oberflichenrauheit auf die Geckohaftung. Ein bedeutender Durchbruch ist
unsere Losung einer fast zwei Jahrzente alten wissenschaftlichen Debatte iiber den primaren Me-
chanismus der Geckohaftung unter Bedingungen hoher Luftfeuchtigkeit. Wir konnen zeigen, dass
der von uns gefundene wasservermittelte Effekt die Hauptrolle in der Feuchtigkeitsverstarkten
Haftung spielt.

Ein besonders signifikanter Aspekt dieser Arbeit ist deshalb die Untersuchung der Rolle von
Wasser bei der Feuchtigkeitsverstarkten Haftung. Frithere Hypothesen deuteten darauf hin, dass
kapillare Kréafte oder Materialaufweichung als Haupttreiber fungieren. Allerdings zeigen unsere
Simulationen, dass Wasser-Molekiile die Liicken zwischen Gecko Keratin und der Oberflache
ausfiillen und die Anzahl und Stédrke der Anziehungskrafte zwischen diesen erhohen. Zudem
glattet das Fiillen der molekularen Liicken die Spatula-Oberflachen-Grenzflache und vergrofSert
dadurch die Kontaktfliche. Wir zeigen in dieser Arbeit, dass dieser wasservermittelte Effekt fir
die beobachtete Zunahme der Klebrigkeit bei hoheren Luftfeuchtigkeit verantwortlich ist.

Ein weiterer signifikanter Beitrag dieser Arbeit ist die Entwicklung eines Mesoskalen Modells der
Gecko-Spatula, welches experimentelle Spatula-Abzugskrafte reproduzieren kann. Das Modell
wurde durch die Kombination eines Bottom-up-Top-down-Ansatzes und der Beriicksichtigung des
Spatula-Abziehens anstelle der vertikalen Abtrennung entwickelt. Es stellt das erste uns bekannte
Modell dar, welches in der Lage ist, experimentelle Gecko Abzugskréfte prazise wiederzugeben.

Wir untersuchen auch die Rolle elektrostatischer Wechselwirkungen bei der Geckohaftung und
finden heraus, dass sie fiir hydrophile Oberfldchen relevant sind. Aullerdem zeigen wir zum
ersten Mal, dass intrakeratin-elektrostatische Wechselwirkungen wahrend des Abloseprozesses
elastische Energie speichern, die erst nach der Abtrennung freigesetzt wird. Diese elastischen
Beitrdge sind unabhingig vom Wassergehalt und der Oberflachenhydrophilie und haben diesel-
be GroRenordnung wie van-der-Waals-Beitrdage und sind auch bei der Haftung auf trockenen
hydrophoben Oberflachen wichtig.

Insgesamt liefert diese Arbeit neue Erkenntnisse zu den molekularen Mechanismen der Geck-
ohaftung und konnte dazu beitragen Gecko-inspirierte Klebstoffe zu Entwickeln, die unter einer
Vielzahl von Feuchtigkeitsbedingungen effektiv funktionieren sollen. Unsere Studie betont die

vii



Bedeutung der Beriicksichtigung von molekularen Wechselwirkungen und Mechanismen und
der Rolle von Wasser bei der Haftung und legt neue Richtungen fiir zukiinftige Forschungen in
diesem Bereich nahe.
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Abstract

Gecko adhesion has attracted considerable scientific and public attention over the past two decades.
Much effort is going into developing mimetics and gecko-inspired adhesives to replicate the gecko’s
adhesive mechanisms. Although much research has focused on the hierarchical micrometer and
submicrometer structures of the gecko foot leading to the extraordinary gecko adhesion, the
molecular-level mechanisms have remained largely unexplored. This work presents a novel
multiscale simulation approach that allows us to study gecko adhesion at multiple length scales,
from the atomistic to the mesoscale. We investigate the effect of humidity, the role of electrostatic
interactions, and the impact of surface roughness on gecko adhesion. Finally, we reconcile a
long-standing scientific debate regarding the primary mechanism of gecko adhesion under humid
conditions, providing clarity and confirming the significant role of a previously undiscovered
molecular mechanism in enhancing adhesion.

Our simulations go beyond previous computational and theoretical studies of gecko adhesion,
which treated the spatula and surface as continuum bodies and modeled their interaction using
the Hamaker theory. Instead, we bridge the gap in our understanding of gecko adhesion by
using molecular dynamics simulations to investigate the molecular mechanism, uncovering a
previously unknown effect called “water-mediation”. This mechanism involves small numbers of
water molecules filling the gaps between keratin and the surface and increasing the number of
keratin-surface contacts by partially absorbing into the keratin at the interface, thereby increasing
the local density and the effective surface energy of the spatula.

Parallel to the endeavor of designing synthetic gecko-inspired adhesives, the remarkable impact
of relative humidity (or the presence of water) on the stickiness of gecko spatulae and setae
has been discovered. Through single-spatula atomic force microscopy experiments, it was found
that the pull-off forces required to separate two surfaces increased with the relative humidity
and decreased with the water contact angle of the surface. Despite years of investigation into
the adhesion phenomena, the molecular mechanisms behind humidity-enhanced adhesion had
remained elusive due to limitations in resolution and length scale. This work addresses this gap
by combining molecular dynamics simulations, a true multiscale protocol, with experimental
literature, providing a deeper understanding of the molecular mechanisms in gecko adhesion and
its response to relative humidity.

The present work extends the understanding of attachment to rough surfaces. It shows that the
stickiness decreases as the size of the surface features falls below the spatula contact area. We
demonstrate that spatula-softening, the process by which the stiffness of the spatula decreases
due to the presence of water, only assists adhesion at near saturation, meaning that the ambient




relative humidity is close to 100%. While previous studies have suggested capillary forces as an
alternative mechanism to spatula-softening, superhydrophobic surfaces lack attractive capillary
forces. Nevertheless, we still observe increased adhesion under humid conditions compared to
dry conditions on superhydrophobic surfaces. We conclude that water-mediation determines
humidity-enhanced adhesion on hydrophobic flat and rough surfaces and that spatula-softening
assists adhesion when the surface is rough and the ambient relative humidity is well above 80%.

Unlike on hydrophobic surfaces, keratin shows a remarkable difference on hydrophilic surfaces.
The folding of polar and charged amino acids towards the hydrophilic surface maximizes electro-
static and van-der-Waals interactions, leading to a stronger attachment, even in dry conditions.
The keratin attaches closer to flat hydrophilic surfaces than hydrophobic surfaces, even in dry
conditions. These observations suggest that the keratin exhibits a functional-polymer-like ability
to selectively change its tertiary structure upon contacting a hydrophilic surface. Moreover, we
find that the presence of water enhances adhesion to hydrophilic surfaces due to water-mediated
interactions between the keratin and the surface.

Overall, this work provides new insights into the molecular mechanisms of gecko adhesion and
may be useful in finding new directions for developing gecko-inspired adhesives that can function
effectively under a wide range of humidity conditions, by optimizing for water-mediated adhesion.
Our work highlights the importance of considering the molecular-level interactions and the role
of water in adhesion and provides a new direction for future research in this field.
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1 Introduction

1.1 Theoretical Background of Gecko Adhesion Research and
State of the Art

Geckos have long been a source of fascination for scientists and researchers, thanks to their unique
ability to walk and run vertically up walls[1] and cling to ceilings. As the gecko walks over a
surface, it uses its feet to stick to the substrate, and while a typical gecko weighs only around
10 to 100 grams, it can overcome around 10 N of force (Figure 1.1). They owe this remarkable
stickiness to the hierarchical gecko foot structure. The structure gives geckos the ability to attach
their spatulae to various surfaces, making them an ideal subject of study for understanding the
mechanisms of dry adhesion.

The multilevel hierarchical structure begins at the millimeter scale, where millions of setae (length
~ 100 pm) are organized on lamellae located on the gecko’s toe pads. Fibrils within the setae
containing beta-keratin filaments[2, 3] yield hundreds to thousands of spatulae (length ~ 0.1 -
0.5 pm) at their ends.[4, 5] The separation of the setae into smaller contact regions increases the
total surface area of contact between the gecko’s foot and the substrate, which in turn increases
the adhesive forces and enables the gecko to cling to a variety of surfaces, and is known as
contact splitting. Immunolocalization by Alibardi[2] found that the Ge-cprp-9 protein, one of
the cysteine-rich gecko keratin proteins, is located at the spatula-air interface. The beta-sheet
regions of Ge-cprp-9 proteins polymerize into nanofibrils[6] and associate further into fibrils.[3,
5, 71 These macroscopic fibrils are embedded into a matrix and make up the gecko setae.[5]
Essentially, around 100 to 1000 fibrils with flattened tips (spatulae) are embedded into a matrix,
of yet unknown composition. However, only the fibrils, not the matrix, contact the surface.[8]
This nano- to millimeter-scale structure gives geckos the ability to attach their spatulae to various
surfaces.[9, 10] The mechanisms underlying geckos’ adhesive ability have been investigated for
decades[11].

Autumn et al. first inferred in 2000 that spatulae can make close molecular contact with surfaces
and that this direct molecular contact is responsible for the strong adhesion.[12, 13] The authors
further inferred that van-der-Waals forces drive adhesion. Previous hypotheses were, among
others, that frictional forces lead to the ability of geckos to stick.[4]

The gold dust day gecko (Phelsuma laticauda) is native to the lush rain forests of northern
Madagascar and it is often seen maneuvering its way across leaves (as shown in Figure 1.2 (A,




x = Acos(wt)
v = —Awsin(wt)
QAspinning = —Aw? COS(wt)
Fspinning = MAaspinning
Fipinning = 0,04kg-196,25 ms™2
Fspinniny = 7,8 N
Fg = 0,39N

Figure 1.1: A gecko sticking to a tumbling washing machine. (Source of the video: https://www.red-
dit.com/r/donthelpjustfilm/comments/dpatj4/he_shakin/). We track the position of one of its
feet over time. We take estimates of typical lengths of different structures seen in the video. We
then fit the tracked position as a function of time with a harmonic oscillator z = Acos(wt + ¢).
From the tracked position, the amplitude A can be directly extracted. Since the interior looks
close to a Siemens-type IQ washing machine, we can reasonably expect that the frequency w
only falls into the range of spin speeds accessible to these machines. The only unknown is then
the phase shift ¢. Thus, by fitting the tracked data using fixed A = 1.06 cm and definite spin
speeds of 600, 700, ..., and 1600 revolutions per minute (RPM) as initial parameter guesses,
we can calculate the errors in both angular frequency and phase shift. The minimum error is
found at 1100 RPM. The resulting maximum force the gecko needs to overcome as the surface
is pulled away is, thus, between 7 and 8 N. This value is much larger than the gravitational
force this type of gecko encounters (F; = 0.39 N). Hence, this gecko will run with ease along
ceilings.
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B)). Hydrophobic epicuticular wax coats plant leaves. But, geckos adaptability extends beyond
just rainforest habitats, as they are also capable of traversing a variety of surfaces, including
hydrophilic rocks and boulders, which are commonly found in arid environments. The rock gecko,
a member of the genus Afroedura within the Gekkonidae family, bears a unique camouflage
pattern that exemplifies its ability to move effortlessly on these hydrophilic surfaces, as depicted
in Figure 1.2 (C, D)). Since rocks commonly comprise oxides[14, 15] and oxide surfaces are polar,
the surface is hydrophilic, which results in small water contact angles. Thus, the most prominent
hypothesis about what physical force is responsible for gecko adhesion may depend on surface
chemistry in a balance between van-der-Waals interactions and electrostatics. Currently; it is
thought that electrostatics are not essential[2, 12, 16, 17] or only have minor effects[18].

Furthermore, experimental[17, 19-21] and computational[8, 22, 23] works demonstrate that
relative humidity has a significant impact on spatula stickiness, known as humidity-enhanced
adhesion, which can increase stickiness by up to 300% compared to dry conditions.[8, 19, 21, 22]
Experimental work uses atomic force microscopy (AFM) of whole spatulae or setae glued to an
AFM cantilever, which is then pulled away from the substrate. The force necessary to detach the
adhesive material (the pull-off force) is measured. Past work used AFM to investigate humidity-
enhanced adhesion. However, the nature of this experimental method only allows a microscopic
investigation and conclusions can only be inferred by clever experimental setups. As a result, the
humidity effect is still being debated.[19, 24-26] The most prominent hypothesis[21, 24, 25, 27]
states that the change in Young’s modulus of gecko keratin upon swelling with water, the so-called
material softening effect, is responsible for the increased adhesion, as the softer gecko keratin
would lead to an increase in the interfacial contact area. Another explanation is the presence of
capillary forces between the spatula and the surface.[17, 19] Only very recently, Mitchell et al.[21]
inferred that the two hypotheses are not mutually exclusive but coincide depending on the water
contact angle of the substrate. The authors[21] believe that capillary forces increase adhesion
at hydrophilic surfaces, whereas, at hydrophobic surfaces, material softening is responsible for
humidity-enhanced adhesion.

We have so far discussed the adhesion of gecko keratin on flat surfaces; however, in geckos’ natural
habitat, surfaces are rough. The influence of surface roughness on gecko adhesion was first
systematically investigated theoretically by Persson and Gorb[28] and later by Huber et al. on the
single-spatula level using AFM and macroscale observations in behavioral experiments with freely
moving geckos.[10] In experiments, it can be shown that the adhesion force on rough surfaces
experiences a minimum in the root mean square roughness (RMS) from 100 to 300 nm[10].
RMS is a measure of the roughness of a surface and is calculated by taking the square root of
the average of the squares of the heights of the surface deviations from the mean height. In the
context of gecko adhesion, this minimum implies that geckos tend to adhere best to surfaces that
are either flat or have an RMS value higher than the characteristic dimension of the spatula pad.
This suggests that a combination of spatulae being small enough to follow macroscopic surface
asperities and the spatula pad being flexible enough to follow the surface topography are the
important factors at rough surfaces.[28, 29]

Besides the theoretical work of Persson and Gorb, a finite element analysis of gecko spatulae on
rough surfaces was performed by Sauer et al. in 2011.[30] The finite element method (FEM) uses




a meshed representation of a continuum medium. The mesh follows constitutive laws that define
the material properties. Consequently, the scope of all behavior is predefined top-down by the
investigator. These authors confirmed the previous hypothesis of the spatula being able to follow
the surface topography. They showed that spatulae could bend around the asperities for surfaces
with a maximum peak to valley distance of 8 nm. However, the material properties of the FEM
spatulae did not match experimental realities, particularly the Poisson ratio had no physical basis
but was guessed. Its value is 50% of the value derived by our group[3, 8]. Furthermore, the FEM
model did not account for anisotropic spatula-internal fibrils.

1.2 Objectives and Structure of this Work

This thesis aims to further our understanding of gecko adhesion and support the field of gecko-
inspired synthetic adhesive research through the use of molecular simulations, which have not
yet been utilized in the study of gecko adhesion. Prior to this work, the scope of computational
studies was restricted to FEM and theoretical work and did not include an explicit molecular
treatment. This thesis is the first work to investigate gecko adhesion on a molecular level by means
of molecular dynamics (MD) (Section 2.1).

The mechanisms underlying humidity-enhanced adhesion are still debated. The primary objective
of this thesis is to elucidate the molecular mechanisms governing the increase in stickiness due
to humidity. First, a coarse-grained (CG) model of gecko beta keratin (Section 3.4), previously
developed in our group, was extended and adapted to model gecko adhesion on a hydrophobic
octadecyl trichlorosilane self-assembled monolayer (OTS-SAM) in both the presence and absence
of water. This foundational work shows that neither the change in elasticity nor capillary forces
can exclusively explain the increase in pull-off forces at higher relative humidity. Instead, we
established the first molecular picture of gecko adhesion, in which a mediator effect of water
enhances pull-off forces.[22] Specifically, water molecules fill molecular gaps (=~ 2 nm) between
the spatula and the surface and, thus, smooths the spatula-surface interface while increasing the
interfacial contact area. This closing of the spatula-surface gaps by water results in an increased
number of amino acids near the interface and more van-der-Waals spatula-surface interactions.
Additionally, as water accumulates at the surface, it leads to an increase in the total number of
interactions.

The coarse-grained gecko keratin model mentioned earlier only considered dispersion attraction
(van-der-Waals interactions) and did not account for electrostatics because it was based on the
MARTINTI force field[35-37]. The model simplifies the amino acid sequence significantly by
assuming that all amino acids are equivalent. The model uses an ,average amino acid“ interaction
site (or bead) for all surface interacting amino acids. Thus, chemical detail is lacking. However,
we must confirm how critical the water-mediating effect that we discovered with the CG model is.

Further, the second goal of this thesis is to study the molecular mechanism of gecko adhesion at
hydrophobic and hydrophilic surfaces, including the impact of electrostatic interactions. While
the CG model did not consider electrostatics, the united-atom gecko keratin model we developed
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Figure 1.2: Overview of the current work and the relationship of different molecular systems to the multi-
scale hierarchical adhesion system and geckos in different environments. The photographs[31-
34] on the left show geckos in humid (A, B) and arid (C, D) environments on hydrophobic
and hydrophilic surfaces. These habitats are modeled using a united-atom force field (E),
as we will discuss later in this thesis: ,How does Gecko Keratin Stick to Hydrophilic and
Hydrophobic Surfaces in the Presence and Absence of Water? An Atomistic Molecular
Dynamics Investigation“. The coarse-grained gecko keratin (F) models a larger part of the
gecko spatula (18x18 nm area). It includes the fibrils located inside the spatula, illustrated in
the figure by larger beads. During this work, we first encountered an apparent mechanism of
water molecules mediating between surface and spatula. More details can be found in ,,Gecko
adhesion: a molecular-simulation perspective on the effect of humidity“. We then modeled
the fibrils only intrinsically inside the 400 nm long mesoscale spatula model (G) we derived.
By matching the stickiness of the dry united-atom keratin model on a hydrophobic surface, we
obtained a mesoscale nonbonded field with which experimental pull-off forces are reproducible.
Details about spatula stickiness on rough surfaces can be found in ,,Gecko Adhesion on Flat
and Rough Surfaces: Simulations with a Multi-scale Molecular Model“. To isolate the
softening effect of water from capillary forces and the water-mediating effect, we adapted the
mesoscale spatula model to mimic water content implicitly. In ,,Understanding Humidity-
Enhanced Adhesion of Geckos: Deep Neural Network-Assisted Multi-Scale Molecular
Modeling“, we could prove that keratin softening cannot solely explain the humidity-enhanced
adhesion on hydrophobic surfaces. The coarse-grained gecko keratin model is apolar. Chemical
details were only introduced with the united-atom gecko keratin model that was used to
coarse-grain the mesoscale model. In summary, this thesis developed and utilized multiple
molecular models to investigate the hierarchical structure of gecko keratin and its adhesive
properties on various surfaces in different environments. The findings suggest that water
content, surface chemistry, and surface roughness play critical roles in gecko adhesion.




includes atomic partial charges. Thus, we can examine polar amino acids at the hydrophobic and
hydrophilic surface and analyze how water bounds to keratin or the surface.

By developing a more precise model of gecko keratin in a united-atom representation (Section 3.2),
we were are able to confirm the water-mediating effect at the hydrophilic and hydrophobic surface.
The water contact angles of the two surfaces correspond to those used in AFM experiments.[19]
In agreement with these experiments, we found the stickiness (Section 2.3) of the united-atom
gecko keratin model to be inversely related to the water contact angle and proportional to the
water content. We decomposed energetic contributions during the pull-off process of keratin from
both surfaces. Interestingly, electrostatic interactions dominate the process through long-range
elastic contributions even at the hydrophobic surface.

Although the trend of stickiness as a function of relative humidity or water contact angle and
their relative increase agrees with the experiment, the absolute values show a large discrepancy.
In our simulations, a keratin sample is pulled vertically-flat off a surface. By normalizing the
force required to detach a periodic keratin sample by its area and extrapolating the resulting
pull-off pressure to an actual spatula size, the force was overestimated by two to three orders of
magnitude. In reality, the spatula pad is peeled off successively from the surface and not all at
once. However, a peel-off geometry is impossible with periodic boundary conditions (Section 2.2).
We hypothesized that this discrepancy in geometry is responsible for overestimating the adhesion
force and, therefore, we developed a mesoscale spatula model to test our hypothesis.

The mesoscale model (Section 3.3) resembles an actual spatula shape and reproduces the pull-
off pressure of the UA keratin model. Young’s modulus and Poisson’s ratio of the UA and CG
keratin models are likewise reproduced. Utilizing this mesoscale geometry, we show that our
hypothesis was correct and that the peel-off geometry reproduces AFM experimental pull-off
forces (approximately 10 nN per spatula). Since the mechanical properties of the mesoscale model
are easily adapted, we implicitly model the effect of water content (or relative humidity) on the
spatula softness to study the two remaining objectives: the influence of surface roughness and
the material softening effect.

This thesis is constructed as follows: Chapter 1 provides an overview of gecko adhesion research
and outlines the motivation for this work. In chapter 2, the most relevant concepts and methods
are introduced. My (peer-reviewed) journal articles are presented in chapter 3. They are ordered,
beginning with the work that pulls all individual projects together (Section 3.1, Figure 1.2 (G))
and corroborated by results of the united-atom gecko keratin study (Section 3.2, Figure 1.2 (E)),
the development of the mesoscale model (Section 3.3, Figure 1.2 (G)) and backed up by the
fundamental findings of the coarse-grained investigation (Section 3.4, Figure 1.2 (F)). The results
of the coarse-grained investigation (Section 3.4) are largely reproduced in the united-atom gecko
keratin study (Section 3.2).




2 Methods

2.1 Molecular Dynamics Simulations

Molecular dynamics (MD) is a method to simulate a system of N-particles at the molecular
scale. The approach MD takes is to solve Newton’s equation of motion (EOM) to compute the
time evolution of a system of particles, the trajectory. In MD, the EOMs are solved iteratively at
predetermined time steps.[38] For atom i, the EOM is

e (2.1)

d’r,  F;
mj

where 7 is the position of the particle i, m; is the mass of the particle i and ]31 is the force acting
onto the particle due to interactions with the surrounding particles or an external field. Since the
Born-Oppenheimer approximation allows us to treat the motion of electrons and atomic nuclei
separately and the degrees of freedom of individual electrons are neglected, atoms can be modeled
by point masses, and one-dimensional interaction potentials are used. Interactions are separated
into bonded and nonbonded interactions.[39] Bonded interactions model covalently connected
atoms within one molecule, like the 4-body dihedral, the 3-body angle and the 2-body bond, via
a potential function. A harmonic potential often describes covalent bonds between atoms in the
form of

1
Upond(T35) = §/€ij (5 — bij)2 (2.2)

where Upond(7) is the one-dimensional interaction potential of two covalently bonded atoms i and
j- The force constant k; describes the strength of interaction between these two specific atoms,
and by is the constant equilibrium bond length. Finally, r;; is the distance between both atoms.

In contrast to bonded interactions, nonbonded interactions are assumed to be pairwise additive and,
hence, only describe 2-body interactions. While the parameterization of many-body nonbonded
interaction potentials is difficult, the time spent to compute 2-body nonbonded interactions is
already the primary reason why MD simulations are restricted to 10° to 10® steps, making the use
of many-body nonbonded potentials also computationally impractical. The omission of interactions
described by more than two bodies has its most notable effect in neglecting polarizability, which




in turn leads to a false screening of electrostatic interactions. In MD, the Coulomb potential
describes electrostatics. The well-known van-der-Waals (dispersion) interactions are described by

a Lennard-Jones potentials, i.e,
o 12 o 6
UvdW(rij) = 46 [(—) — (—) ] (23)
’I“ij Tij

where ¢ is the dispersion energy and o the excluded volume radius. Essentially, all MD interactions
use parameters to calculate energies and forces, and the set of these parameters is called a force
field.

2.2 Periodic Boundary Conditions

A periodic boundary is an essential method in molecular dynamics simulations. Periodic boundary
conditions (PBC) are, in this work, primarily required to remove surface effects any finite-sized
sample has. Surface effects dominate the internal structure of small volumes (surface tension
of a small drop of water leads to a spherical shape). The usage of PBC in molecular dynamics
simulations consisting of only a few atoms can mimic infinite volumes; thus, bulk properties are
accessible.

Figure 2.1 illustrates the idea of two-dimensional periodic boundary conditions using the coarse-
grained gecko keratin model. Here, only the red-colored keratin sample is the system we consider
- the simulation box. The surrounding gray-colored boxes are copies of the simulation box where
all particle positions are copied over the periodic boundary. Thus, if one of the nanofibril segments
moves, all copies of this segment move likewise.

Every time a particle leaves the simulation box and crosses the periodic boundary, it is replaced
with its image particle entering from the opposite side of the simulation box with the same velocity.
The number of atoms in the cell is therefore conserved.

Since, according to these boundary conditions, particles are duplicated an infinite number of
times, interactions between particles may be double-counted. To circumvent double-counting, the
minimum-image convention remarks that an interaction cutoff cannot be greater than half the
shortest simulation box length. Therefore, particles only interact with the closest image.

Two-dimensional PBC are used in this work to make the keratin periodic parallel to the surface
(Figure 2.2) and model a larger keratin volume. Thus, only a keratin-surface and keratin-vacuum
interface exists. The consequence of a periodic semi-infinite keratin sample on top of a surface is
that during pull-off, the keratin is pulled flat-on-flat off the surface. This flat-on-flat pull-off greatly
increases pull-off force[30] and makes a comparison to experimental pull-off forces difficult. The
mesoscale spatula is of actual real spatula size and shape and does not need PBC to model a
larger volume. Hence, pull-off forces are not overestimated by an artificial flat-on-flat pulling
geometry and can be compared directly to AFM experiments.




Figure 2.1:

Figure 2.2:

Ilustration of the two-dimensional periodic boundary conditions of the coarse-grained gecko
keratin. The box with the simulated keratin sample (red) is surrounded by mirror images
(grey). An interaction cutoff is illustrated for one of the nanofibril segments (white). The
arrows indicate an illustrated movement of a particle across the periodic boundary enforced
by its topology.

no PBC normal to surface
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Periodic boundary conditions (PBC) are parallel to the surface (A) in the united-atom gecko
keratin model and (B) the coarse-grained gecko keratin model. The systems are not periodic in
the dimension normal to the surface. In essence, periodic boundary conditions are only used
in the x and y dimension. (C) The mesoscale spatula model does not utilize PBC.
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Figure 2.3: During pull-off simulations, a harmonic potential links the center of mass of a part of the
keratin to a virtual cantilever that moves vertically away from the space-fixed surface. (A) The
united-atom gecko keratin model is shown on a hydrophobic surface (cyan). (B) The coarse-
grained gecko keratin model is shown, with its nanofibers exposed, attached to a hydrophobic
surface. (C) The mesoscale spatula model is depicted on a hydrophobic rough surface.

2.3 From Non-Equilibrium Pulling to Adhesion: Force Probe
Molecular Dynamics with Gecko Keratin

To measure the stickiness, or pull-off force of gecko keratin, we used force probe molecular
dynamics (FPMD). We computed the force necessary to detach gecko keratin from a space-fixed
hard surface.

In resemblance to atomic force microscopy (AFM) experiments of gecko setae and spatulae[40],
the keratin is first preloaded against the surface. While experimental work needs to then shear the
spatula over the surface to make molecular contact between the spatulae and the surface, we can
directly place the keratin close enough to the surface that a short preload is sufficient for direct
contact. The keratin is preloaded until the distance to the surface converges. In AFM experiments,
the external force is removed, and the spatula is pulled off the surface. We simulate this switch
by removing the preload force and running our simulations until the keratin-surface distance
converges. We assume the time spent during an experiment to switch between the preload and
the subsequent pull-off is large enough to yield equilibrium.

In the subsequent pull-off simulation, the attached keratin is pulled away from the surfaces by
linking either the center of mass (COM) of the top half of the keratin (Figure 2.3 (A, B)) or
the spatula shaft haft COM (C) to a virtual cantilever. AFM cantilever bending is modeled by a
harmonic potential with a force constant (k,u). The cantilever is moved away from the surface at
a constant pulling velocity, normal to the surface. The spring constant and the pulling velocity
result in a theoretical[41] loading rate F. As the virtual cantilever is moved away from the surface,
the force steadily increases until a maximum in the force-displacement (or force-time) curve
occurs, the so-called pull-off force (Figure 2.4). The pull-off force is the negative of the adhesion
force and describes the maximum force with which the keratin can stick to the surface.

Moving the virtual cantilever away from the surface at constant velocity, as the keratin sticks to
the surface, leads to a linear increase in force Feane = kpun(vt), with v being the pulling velocity

10
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Figure 2.4: The schematic representation illustrates the pull-off simulation, where the keratin is connected
to a virtual cantilever and pulled away from the surface at a constant velocity. The simulation
results in a steadily increasing force on the keratin sample until the maximum force (pull-
off force) is reached. The potential due to the cantilever (Ucane) is shown on the right side.
The cantilever bending is modeled by a harmonic potential with force constant k,,;. The
center of mass of the top keratin layer is subjected to a potential energy given by Ucant(2,t) =
Tkpun - [(z — 2%) — vt]?, where z is the center of mass of the top keratin layer, z° is the center of
mass position at the start of the simulation, v is the pulling velocity (the velocity with which
the virtual cantilever moves away from the surface), and ¢ is the time. The resulting force
experienced by the keratin sample increases linearly with time until the keratin detaches.

and ¢ the time. The force experienced by the keratin is ' = kpu(z(t) — vt), where z(¢) denotes the
position of the linked center of mass in the dimension of pulling (normal to the surface) and is
measured relative to the position of the linked center of mass at the start of the simulation, denoted
as 2" in Figure 2.4. Fluctuations in the raw force profile F" are a result of the resonance frequency
of the harmonic spring[41] and due to thermal fluctuations of the atoms. These fluctuations are
artifacts that are smoothed with a Gaussian filter by convolution of the signal with a Gaussian
function with a kernel width respective of 0.1 nm, inspired by Sheridan et al.[42]

FPMD is a non-equilibrium MD method that is most commonly used to elucidate unfolding
pathways[42] or receptor-ligand unbinding[43] processes. In contrast, we use FPMD simulations
to study the stickiness of gecko keratin. Since we were not interested in the details of the underlying
average free energy landscape, we save resources by using fewer simulations.

1






3 Results

3.1 Understanding Humidity-Enhanced Adhesion of Geckos:
Deep Neural Network-Assisted Multi-Scale Molecular
Modeling

Reproduced with permission from Materzok et al. [Small 2023] Copyright 2023 Wiley.
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Understanding Humidity-Enhanced Adhesion of Geckos:
Deep Neural Network-Assisted Multi-Scale Molecular

Modeling

Tobias Materzok,* Hossein Eslami, Stanislav N. Gorb, and Florian Miiller-Plathe

A higher relative humidity leads to an increased sticking power of gecko feet to
surfaces. The molecular mechanism responsible for this increase, however, is
not clear. Capillary forces, water mediating keratin-surface contacts and water-
induced softening of the keratin are proposed as candidates. In previous work,
strong evidence for water mediation is found but indirect effects via increased
flexibility are not completely ruled out. This article studies the latter hypothesis
by a bottom-up coarse-grained mesoscale model of an entire gecko spatula
designed without explicit water particles, so that capillary action and water-
mediation are excluded. The elasticity of this model is adjusted with a deep
neural network to atomistic elastic constants, including water at different con-
centrations. Our results show clearly that on nanoscopic flat surfaces, the sof-
tening of keratin by water uptake cannot nearly account for the experimentally
observed increase in gecko sticking power. Here, the dominant mechanism is
the mediation of keratin-surface contacts by intervening water molecules. This
mechanism remains important on nanostructured surfaces. Here, however,

a water-induced increase of the keratin flexibility may enable the spatula to
follow surface features smaller than itself and thereby increase the number

of contacts with the surface. This leads to an appreciable but not dominant
contribution to the humidity-increased adhesion. Recently, by atomistic grand-
canonical molecular dynamics simulation, the room-temperature isotherm is
obtained for the sorption of water into gecko keratin, to the authors’ knowl-
edge, the first such relation for any beta-keratin. In this work, it relates the
equilibrium water content of the keratin to the ambient relative humidity.

sticky spatulae at the end of billions of setae
on their toes form direct contact with sur-
faces.! This direct molecular contact with
the surface leads to van der Waals interac-
tions on hydrophobic surfaces resulting in
excellent adhesion.” Furthermore, experi-
mental>”~%) and computational™®l works
show a link between relative humidity
and increased adhesion. Compared to dry
spatulae, humidity can enhance the sticki-
ness by up to 300%.0% In experiments, the
spatulae have been attached to surfaces
and pulled off using atomic force micros-
copy (AFM), allowing only investigations of
micrometer resolution. As a consequence,
the humidity effect is still intensively
debated.3*1213) Some authors®2l believe
that the change in the Young modulus of
gecko keratin upon swelling, so-called
material softening, is responsible for the
humidity-enhanced adhesion. Capillary
forces induced by absorbed water on the
surface are another explanation for the
enhanced adhesion.?”) Mitchell et al.l”
recently inferred that the two mechanisms
are not mutually exclusive: while capillary
forces increase adhesion on hydrophilic
surfaces, material softening increases stick-
iness on hydrophobic surfaces.

Recently, we have put forward a dif-

1. Introduction

Geckos can climb verticallyl! and even upside down on flat>
and roughl>® hydrophobic and hydrophilic surfaces. Hundreds of

ferent explanation for humidity-enhanced adhesion: water fills
gaps between the spatula and the surface and smoothes the
spatula-surface interface.'” It locally increases the number
density of keratin at the surface and facilitates more van der
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Waals interactions with the hydrophobic surface.' We call
this the water mediating effect.'®!) Water mediating is dis-
tinctly different from capillary forces as it does not refer to a
water volume but water molecules that form bridges between
surface and spatula. Water molecules stick to the hydrophilic
keratin protein and fill surface-spatula gaps, making the inter-
face smoother. Water mediation is present even at low humidi-
ties and its effect on adhesion may follow a sigmoidal function,
as we will discuss later. Furthermore, as the water mediation
does not require an entire layer of adsorbed water as the cap-
illary hypothesis does>”'l but on individual water molecules,
this effect can explain humidity-increased adhesion even at very
hydrophobic surfaces.

Complementary to experiments, molecular dynamics (MD)
simulations provide detailed atomistic-level information about
the system. This allows us to elucidate underlying processes
during spatula pull-off. To this end, we have done coarse-
grained” (CG) and united-atom!" (UA) simulations to con-
firm the water mediating effect. Furthermore ] we have devel-
oped a mesoscale model of a whole spatula, which reproduces
pull-off pressure, Young’s modulus, and Poisson’s ratio of the
UA keratin model. The mesoscale spatula model comprises
particles (beads randomly distributed) in an actual spatula
shape, acquired by scanning electron microscopy imaging of
Xu et al.'¥l In the mesoscale model, each bead maps five whole
keratin molecules into a single interaction site. We tuned the
anisotropic bonded force field that harmonically connects each
bead with at least 30 neighboring beads to yield the material
properties of the dry UA keratin. We then parameterized the
spatula-surface Lennard—Jones interaction to replicate the UA
keratin pull-off pressure (at a specific loading rate). We have
shown before that the mesoscale spatula model reproduces
AFM single-spatula experimental pull-off forces>” (=10 nN)
when extrapolated to loading rates typically used in these experi-
ments.”) The validation of the mesoscale spatula model is a sig-
nificant new result, as no other prior work exist that reproduced
experimental spatula pull-off forces in a bottom-up manner.

In the simulations explained above, the presence of water
molecules may lead to material softening, capillary forces, and
the water mediating effect. In the present work, we isolate the
effect of water-induced material softening on the pull-off force
from capillary forces and the water mediating effect. We explic-
itly do not simulate water molecules to investigate the effect of
spatula softness without water molecules being present but set
the elasticity of the keratin to the same values it would have if
it contained water. In this way, we can separate the two pos-
sible mechanisms by which water leads to enhanced adhesion:
1) through mediation by water molecules (explicitly excluded
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here) and 2) through a water-induced flexibility increase in the
keratin (included here).

Since the relationship between water content (solubility)
in spatula gecko keratin and the ambient relative humidity is
experimentally not known, we previouslyl”” computed it using
our united-atom keratin model. Subsequently, we tune the
mesoscale anisotropic force field to reproduce, without water
molecules present, the reduced Young modulus, which is nor-
mally due to water-induced softening.'”) The value of Young’s
modulus of water-loaded keratin, we have previously obtained
in the united-atom reference model.™ Therefore, any change
in stickiness upon adding water to keratin can be attributed to
the material softening effect but not to the capillary forces and/
or the water mediator effect.

We extend the mesoscale model with four additional, deep
neural network-derived, bonded force fields, which implic-
itly model different water contents. The spatulae are linked
to a virtual cantilever and pulled away from surfaces with
constant velocity to mimic the AFM experiments. The mes-
oscale surface model was developed previously!”! to simulate
hydrophobic crystalline surfaces of tuneable roughness. We
establish the first link between relative humidity, the water
content in the keratin, the change in elasticity and material
softening-induced adhesion.

2. Methods and Models

2.1. United-Atom Gecko Keratin Model

Our previously developed united-atom (UA) gecko keratin
model is based on the GROMOS 54A7 force field.?*?3 It is
made up of an amorphous gecko beta-keratin protein (Ge-
cprp-9), where only the intrinsically disordered parts of the
protein are considered. It was assumed that only intrinsically
disordered protein regions (IDRs) directly contact the surface
and are responsible for the adhesive energetic interaction
between spatula and surface." The water model is SPC/E.>4l
Section S2 (Supporting Information) summarizes some simu-
lation details, which are discussed in more detail elsewhere.'!
Previously, we computed Young's modulus, E, and Poisson’s
ratio, v, for the dry UA gecko keratin system (0 wt.% of water)
and a system of wet keratin containing 10 wt.% water.'/ Here,
we simulate two additional wet keratin systems containing: 5
and 20 wt.% water, and we compute E and v for both new water
contents. Table 1 summarizes all UA-derived E and v.
Experimentally reported Young’s moduli range from 1.2 GPa
in nanoindentation tests to 73 + 1.0 GPa during in situ tensile

Table 1. The calculated Young’ moduli and Poisson’ ratios of keratin-water mixtures at different water contents. The subscripts "UA” and "meso”
refer to calculations using united-atom and mesoscale models, respectively. The water contents are connected to relative humidity (RHs) according
to the results presented in Figure 1. Computations are performed as described in the united-atom gecko keratin work""l and the mesoscale work.["”

wt.% RH [%] Eyn [GPa] Vua Erneso [GPa] Vineso

0 0 4.53 0.409 4.529+0.033 0.409 +0.002
5 52 4.03 0.437 4.038 +0.045 0.435 +0.002
10 86 3.84 0.423 3.838 £0.040 0.422 +0.002
20 100 2.28 0.475 2.247 £0.025 0.496 + 0.004
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Figure1. Water content of gecko keratin, as a function of relative humidity,
calculated using our united-atom gecko keratin model."l The filled (blue)
and open (black) markers are the results of the grand canonical ensemble
simulations™ and experimental data for the dorsal and ventral scales of
the snake Naja nigricollis, respectively, and the curve connects the calcu-
lated points. Error bars are the root-mean-square deviation of concentra-
tion of water in keratin from the average value.

tests."! Humidity affects the elasticity of setal keratin, as 30%
relative humidity yields E = 3.2 + 0.2 GPa and with increased
humidity of 80% Young’s modulus decreases to 2.2 + 0.2 GPa.”
In a computational model, previously developed in our group,
dry seta keratin was found to be rather stiff with E = 9.2 GPa.l*’!
The Young moduli of the UA dry and wet spatulae are, there-
fore, within the range of experimental values.

2.2. Water Solubility in Gecko Keratin

The details of the calculation of water solubility in gecko ker-
atin, as a function of RH, are reported elsewhere.l'”! Here, we
only report a summary, which is needed to understand the
essential elements of the method. We performed MD simu-
lations in the grand canonical ensemble (GCE) to find the
phase coexistence point (vapor pressure of water and equilib-
rium density of water in the keratin phase) at 300 K. In the
GCE simulation method, %l the system (keratin plus water)
couples to an ideal gas reservoir of water molecules through
a coupling parameter. A fractional molecule, whose potential
energy of interaction with the rest of the system is scaled with
the coupling parameter, is added to the system, and the equa-
tion of motion for the coupling parameter is solved. The cou-
pling parameter varies dynamically between 0 and 1; when it
reaches 0, a water molecule is removed from the system. When
it reaches 1, the fractional water molecule becomes a fully cou-
pled molecule. In equilibrium, the number of water molecules
in the keratin phase fluctuates around an average value, con-
sistent with the imposed conditions (fixed chemical potential,
temperature, and volume). Because adhesion and gecko keratin
softening by water uptake depends on the water content inside
keratin and its relation with the RH, we reproduce our calcu-
lated sorption isotherm of water in gecko keratin®l in Figure 1.
We have also shown in Figure 1 our experimental data on the
water uptake of dorsal and ventral scales of the snake Nagja
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Ag = 19880 nm2

Figure 2. Snapshot of the mesoscale spatula (red) on a rough hydro-
phobic surface (cyan). During pull-off simulations, a virtual cantilever is
linked to the shaft haft and pulled vertically with loading rate g, to mimic
atomic force microscopy experiments, as we discuss in Section 2.6.

nigricollis and the claw tips of the Tokay gecko (Gekko Gecko)
toes (=30 g water/100 g sample at 100% RH) at 297 K and 100%
RH. The calculated sorption isotherm has a general sigmoidal
shape, consistent with that for water sorption in orkeratin.[*28l

2.3. Mesoscale Spatula Model

The spatula model (Figure 2) uses the previously derived mes-
oscale keratin force field] that was validated against experi-
mental single-spatula AFM experiments with typical pull-off
forces in the range of 8-20 nNB*>7l when used with an actual
spatula shape. The experimental setup used in AFM studies to
investigate single-spatula pull-off forces is shown in Figure S1
(Supporting Information). The elastic and structural properties
of the spatula are modeled with a simple bead spring model
with directional force constants to mimic the fibrillar structure
present in gecko spatulae.[0:1117:25.29-31]

The beta-sheet region (Core-box region! of the Ge-cprp-9
peptide (which, in the united-atom simulation of keratin, was
omitted, see Section 2.1) forms dimers. The dimers polymerize
into nanofibrils,?) which associate to mesoscale fibrils.[2>2%:30]
These fibrils are visible in scanning electron microscopy (SEM)
cross sections of gecko setae, and the spatula is possibly made
up of almost pure fibrils.?”) The fibrils significantly contribute
to the mechanical properties of gecko spatulae. Consequently,
the model must describe the anisotropic elasticity arising from
fibrils inside the spatula. Since the spatula model consists of
randomly distributed, highly coarse-grained beads that each
incorporate the mass of about five keratin proteins, we have
to model the fibrils implicitly."”) The bead-bead harmonic
bond potential is expressed as V(r) = K/2 - (r — by)%, by and
K being the equilibrium bond length and the force constant,

3031
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respectively. For each bond, these parameters are unique. Once
assigned, all K and b, stay unchanged. The value of K increases,
as the initial direction of a bond aligns with the direction of the
“virtual” fibril:

K=k+k,-|cos@| (1)

where k and k; are the isotropic part of the force constant and
the force constant in the fibril direction, respectively, and 6 is
the angle between the bond vector and the “virtual” fibril direc-
tion. Hence, the spatula model implicitly accounts for fibrils
due to the anisotropy of the bonded potential. The potential is
adjusted such that in equilibrium, the spatula shaft is bent by
65 = 45 degrees with respect to the surface (Figure 2). The effect
of pre-bent spatulae on the adhesion is discussed elsewhere.["]

A Lennard—Jones (12-6) potential models the adhesive inter-
actions with the surface, as is discussed in more detail in the
previous work."”] The spatula-surface interaction was param-
eterized against the pull-off pressure (pull-off force normalized
by the area) of the dry UA gecko keratin model.'!

The mesoscale keratin model was optimized against the
material properties of the dry UA gecko keratin model in our
previous work.”) We here extend the mesoscale spatula model
and optimize k and k, against properties of wet keratin at dif-
ferent implicit relative humidities using a deep neural network
(see Section 2.5). We do not change the spatula-surface interac-
tion, and the mesoscale model does not include water particles.
As a result, any changes in stickiness are uniquely due to the
changed elastic material properties. This allows us to isolate the
effect of keratin softening from capillary forces and the water
mediating effect.'011

2.4. Mesoscale Surface Models

The mesoscale spatula is attached to and detached from hydro-
phobic surfaces (water contact angle 6, = 110°) of varying
roughnesses which are modeled by a particle model of similar
beads size.'"”] The surface follows a two-dimensional sinu-
soidal topography and has the same density as the spatula
material. The minimum thickness z,, of the slab representing
the surface is always 24 nm. The 3D landscape is defined by
z,, = 24 nm+8nm-sin(x-nn, (I, + nX,)-sin(y-wn, [l + £X,), where
8 nm is the peak height, n, is the number of peaks in the x- and
y-direction, and I3 and I; are the lengths of the surface in the
x- and y-directions, respectively.

To simulate random placements of the spatula on top of a
surface (see Figure 3), we apply a random phase shift using a
uniformly distributed random number X ~ U([0, 2]) in the x
and y directions. We generate eight surfaces with peak densities
p, ranging from p, = 0 to 394.12 um2 The surface has an area
of 356 nm %356 nm.

We expect a surface describing an oxide mineral (e.g., the
amorphous silica substrate of Huber et al. used in the UA
model) not to be deformable. Such a surface is orders of mag-
nitude stiffer than gecko keratin. Thus, we choose to make our
surface entirely rigid. Therefore, surface beads are frozen and
only interact with the keratin. As a result, the surface acts as a
space-fixed attractive 3D external potential.
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Figure 3. Two surfaces with different peak densities (top p, =141.88 um
and bottom p, = 39.41 um™). The center of the surface (where the spatula
attaches), can present anything between a valley and a peak, depending on
phase shift. The height between the peak and valley (amplitude) is 16 nm
for all surfaces, resulting in a root-mean-squared roughness of 4 nm.

2.5. Parameterizing the Mesoscale Spatula Model with Implicit
Water Contents

The “wet” mesoscale spatula model should explicitly only repro-
duce the change in material properties due to water-induced
material softening. We, thus, optimize only the isotropic part, k,
and the anisotropic part, kj, of the bond force constant K (Sec-
tion 2.3) against the elastic properties of wet keratin as deter-
mined from united-atom simulations (Section 2.1). We create
four bonded force fields that reproduce Young's modulus and
Poisson’s ratio at 0, 5, 10, and 20 wt.% water contents.

We use existing parameter-exploration simulations of the
previous work!"l to train a deep neural network (DNN). Grid
search-based hyperparameter tuning yields a network archi-
tecture that does not overfit. The DNN feeds the input vector
(of the two scalars) k and k, to a fully connected layer (6x64) and
subsequently an output layer (1x2). The output layer maps to
Young’s modulus E and Poisson’s ratio v of the mesoscale ker-
atin. The DNN generalizes the regression between the inputs
and the outputs well and performs better in the prediction of E
than a bilinear fit of F against the scalars k and k. In Section S1
(Supporting Information), a detailed description of the DNN
can be found (source code and DNN weights are available at
github.com/TobiasMaterzok/DNN-Gecko-Implicit-Water).

We use the DNN to predict the force constant coefficients k
and k;, corresponding to the material properties of wet keratin
(computed using the united-atom keratin model, Section 2.1)
to model the water content in the mesoscale spatula implicitly.
Figure 4 shows the DNN-interpolated solution landscape. Black
dots represent actual simulations performed during the previ-
ously discussed parameter exploration.

The DNN derived anisotropic force constant coefficients
(summarized in Table S1, Supporting Information) are validated
by stress-strain simulations (details in Section S2, Supporting
Information). Strains of 0%, 1%, and 2% are applied in the
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Figure 4. Result of the deep neural network prediction of Young’s modulus E and Poisson’s ratio v from the force constant coefficients k and k,. Black
dots are actual simulations done previously,” during our parameterization of the dry spatula model. The black dots are denser in the upper left corner
as we have tuned the search space to find the values corresponding to E = 4.5 GPa and v= 0.4 of corresponding to dry gecko keratin.

(virtual) fibril direction for ten independently created keratin
systems for each coefficient combination (4 x10 simulations in
total) to compute E and v. The method is described in our pre-
vious work.["]

As a result, we can relate Young’s modulus and Poisson’s
ratio of the UA keratin (Section 2.1) and mesoscale spatula
model (this section) to the water content (and relative humidity)
(Section 2.2), as summarized in Table 1.

2.6. Spatula Detachment Simulations

Gecko spatulae attached to surfaces can be inclined (inclination
angle 6, Figure 2), and in experimental imaging, a whole range
of possible inclinations have been observed.**3* In previous
work,[”] we tested s = 45° to 65 = 75° and found a direct rela-
tionship between the pull-off force and 6s. The smallest pull-
off force was found for 65 = 45°, and it also had the smallest
standard deviation.

We use the bent equilibrium configurations of spatulae of
the previous work (with an inclination of 6 = 45°) to perform
non-equilibrium pulling simulations.["]

A preload is applied for 600 ns to initially attach the spatula
to the surface. In this preload step, an external pressure of 0.4
pN nm~2 presses the spatula pad against the surface, as was
done in the experiment by Xu et al.l® After the preload, the
system is allowed to relax for 500 ns without any external force.
These simulation times are sufficient to converge the distance
between spatulae and surfaces.

In the pull-off simulations, the attached spatulae are pulled
away from the surfaces by linking the center of mass of the
spatula shaft haft (Figure 2) to a virtual cantilever. The link
is modeled by a harmonic potential with a force constant of
kpun = 1000 kJ mol™ nm™2. The virtual cantilever is moved at a
constant pulling velocity vertically away from the surface. The
harmonic potential of the linker and the pulling velocity results
in a theoretical®! loading rate of 1.66 x 10" pN s7%. At the pull-
off force, which is the maximum in the force-displacement (or
force-time) curve, the spatula detaches from the surface.

A vacuum surrounds the surface and the spatula. All spatula
detachment simulations are performed in the NVT ensemble
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with a thermostat keeping the temperature of the spatula con-
stant at 300 K. The preload step uses a stochastic dynamics
(SD) thermostat®® with 7; = 1 ps; the relaxation step uses SD
with 77 =10 ps; and all other steps use a velocity rescaling ther-
mostatl”] with 7= 1 ps, following our established protocol.[’]

3. Results and Discussion

3.1. High Relative Humidity (100%) Allows Spatulae to Stick to a
Wider Range of Surface Roughness

The pull-off force (also called critical force or rupture force) is
the force needed to detach the spatula from the surface and can
be interpreted as the stickiness of the spatula. A detailed expla-
nation of the spatula peel-off, including force-displacement
curves, can be found in our previous work using the mesoscale
spatula.l”l Here, we are only interested in how stickiness or
pull-off force depends on water-induced material softening.

The spatula area is Ag, = 19880 nm?. For illustrative pur-
poses, the spatula pad can be viewed as an isosceles triangle
of area A, = 19880 nm? corresponding roughly to A, = 1/2 x
(185 = 10nm) X (215 + 10nm). Furthermore, we call the inverse
of the peak density the peak area or valley area Ap = Ay ey = 1/pp-
We use the ratio A,yey/As, to express if the sinusoidal surface
wavelength (7n, /I}) is smaller than the pad dimensions. Thus,
at Ayiey/Asp = 1, a valley of the sinusoidal surface topography
has the same area as the spatula pad. Recall that the surface
amplitude is 16 nm (Section 3.1). Figure 3 (bottom) corresponds
to a ratio of Ayjey/Asp, = 1.28 and (bottom) Ayyjiey/Asp = 0.35.

We computed the average pull-off force from detachment
simulations of 10 independently generated spatulae and sur-
faces as a function of surface roughness. Figure 5A shows the
pull-off force against the ratio Ayey/As,- Figure S3 (Supporting
Information) shows four examples of force-displacement
curves; only the maximum force (the pull-off force) is used in
this investigation. Finally, Figure 6 illustrates the ratio.

In agreement with our previous findings,”) the sticki-
ness of the spatula as a function of the ratio Ayye/Asp is well
described by a sigmoidal (Richards®®)) curve (solid lines in
Figure 5A) at all implicit water contents (relative humidities).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. A) Pull-off force as a function of keratin water content and A,,e,/As,. The water content and corresponding Young's modulus are denoted
in the legend. The average pull-off forces follow a sigmoidal (Richards®®) curve (solid lines). Vertical dashed lines denote a threshold of 80% pull-off
force relative to the maximum on a flat surface. The average is computed from n =10 independent samples, and the standard deviation of the mean is
used as the error. B) The relative increase in pull-off force due to the implicit water content, compared to the dry spatula (blue line at 100%). The solid
lines are used to guide the eye. The error is calculated as the Gaussian error propagation of the standard deviations of the mean of (A).

When Aey/Asp falls below a certain threshold, the spatula
loses its ability to follow the surface contour, i.e., the sticki-
ness decreases significantly. We have indicated the ratio where
the stickiness falls below 80% of that of a flat surface with ver-
tical dashed lines in Figure 5. For dry spatulae, this threshold
already occurs at Ayey/Asp = 1.09. Thus, when the spatula pad
area is on the same length scale as the area of surface asperi-
ties, its stickiness is 20 % lower than on an ideally flat surface.
With increasing relative humidity (higher water content,
softer keratin, cf. Table 1), this threshold is only reached at
smaller surface-feature sizes A,pe; gecko spatulae in high
relative humidity can adapt to finer surface topographies.
The threshold decreases linearly with both water content and
Young’s modulus from 1.09 to 0.52 (Figure 5A bottom).

3.2. Non-Linear Increase in Stickiness Due to Material Softening
We also study the increase in stickiness due to humidity in per-

cent over the dry keratin (Figure 5B). It is shown as a function
of the ratio Ayjiey/Asp-

1 Avalley/Asp = 1.2%

Avalley = Apeak = 1/p,
ASP = 19880 am2

AVa“ey= 2533 am2

Figure 6. An illustration of the ratio of valley area against spatula pad
area for the example of A, /As, = 1.28. The surface peaks are cyan, and
the surface valleys are blue. We color all surface beads within the cutoff
length of the spatula red as an approximation to the spatula pad area.
Thus, the actual spatula pad is smaller than illustrated.
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On flat surfaces, there is essentially no increase of sticki-
ness due to (implicit) humidity. This holds at all humidi-
ties (Figure 7B blue). Experimental work shows that between
1.5% and 45% relative humidity,®! the pull-off force increases
by 60% on a flat hydrophobic surface and between 55% and
80% relative humidity,”) the shear adhesion increases by 158 +
40%. In contrast, our softened spatula sticks just 10% better at
maximum humidity. Thus, given that the humidity-enhanced
adhesion increase on flat surfaces is = 200-300%>°-11 in total,
it follows that the material softening hypothesis can be ruled
out for flat hydrophobic surfaces, as we previously conjectured
from CG% simulations of gecko keratin.

We, therefore, have to conclude that other mechanisms than
keratin-softening are responsible for the larger stickiness at
higher humidities. Based on united-atom and coarse-grained
molecular dynamics, we have previously suggested that water
molecules mediate the attraction between keratin and sur-
face.!l The molecular-level simulations have shown that water
fills the spatula-surface gaps and increases the number of
interacting sites and the magnitude of interactions between sur-
face and spatula. Since the availability of water molecules in the
keratin increases sigmoidally with relative humidity (Figure 1),
we expect the water mediating effect to scale similarly.

The situation is different for nanostructured surfaces. Here,
the effect of material softening becomes more pronounced.
Figure 7 shows a marked increase in relative stickiness at a
material softness corresponding to a high (>86%) humidity
or 20% water content. However, at a relative humidity below
86%, the material softening effect does not strongly influ-
ence the humidity-enhanced adhesion, even on rough sur-
faces. The better adhesion of wet keratin to rough surfaces
is, in part, brought about by its increased flexibility and its
better ability to follow small surface features (see Figures S4
and S5, Supporting Information). The effect is small at 5%,
and 10% water content and only takes off at 20% water con-
tent. This is simply a consequence of the fact that the elastic
modulus only becomes markedly smaller at the highest water
load (Figure 7C, Table 1). However, even on rough surfaces, the
moisture-induced keratin softness can only explain some frac-
tion of the observed increase in stickiness (it is 1/3-1/2 even
when compared to experimental work using single spatulae on
flat surfaces®?)).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 7. A) The percentage increase in the pull-off force (stickiness) of
gecko spatulae due to material softening on flat and rough surfaces, com-
pared to dry spatulae [F(RH)—F(RH=0%)]/F(RH=0%) . The increased pull-
off force depends non-linear on implicit water content (relative humidity).
The error is calculated as the Gaussian error propagation of the standard
deviations from n = 10 independent samples. The values are offset by
0.7% relative humidity against each other to clearly show the error bars.
B) The percentage increase in the pull-off force (stickiness) of gecko
spatulae due to material softening on flat and rough surfaces, compared
to dry spatulae. The increased pull-off force is shown as a function of
Young's modulus. The error is calculated as the Gaussian error propaga-
tion of the standard deviations from n =10 independent samples.

4. Conclusion

Itis known that a humidity increase in the environment enhances
the sticking power of geckos. Several mechanisms have been put
forward to explain this feature. Most prominent are i) capillary
forces, ii) water molecules mediating between surface and ker-
atin and iii) water uptake leading to a softening of keratin (lower
elastic modulus) and, consequently, stronger adhesion. We have
previously reproduced the positive effect of humidity on sticki-
ness by united-atom (UA) and coarse-grained (CG) molecular
simulations. We collected strong arguments for water mediation
(ii) in our simulations."®!! Since we used explicit water mole-
cules in those simulations, however, we could not rule out the
indirect action of water via keratin softening (iii), which is still
a very popular hypothesis in gecko biophysics.">"™ In order
to separate the different mechanisms, we adapted a mesoscale
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modell”! for entire spatulae to reproduce the elasticity of water-
swollen keratin without containing explicit water molecules.
Thus, capillary force (i) and water-mediation (ii) are excluded
from the model. The elastic constants of water-swollen keratin,
in turn, were determined by atomistic simulations, and the equi-
librium water content at a given relative humidity was calculated
previously™ by atomistic grand-canonical molecular dynamics.
We, thus, pursue a true multi-scale simulation protocol.

We trained a deep neural network to predict the mechanical
properties, Young's modulus and Poisson’s ratio, from bonded force
field parameters of our previously published mesoscale spatula
model reusing existing data.”) The trained DNN (Section 2.5)
allowed us to directly infer bonded force field parameters (Sec-
tion 2.3) that produce the exact target material properties instead
of relying on lengthy and costly classical parameter optimization.
We computed material properties for four different water contents
using our united-atom (UA) gecko keratin model™ (Section 2.1).
The DNN prediction was then used to find the necessary force field
parameters of the mesoscale model to reproduce the elastic con-
stants from the UA simulations of the water-swollen keratin. This
adaptation of the mesoscale force field parameters only affects the
elasticity of the keratin, not its interaction with the surface. Thus,
capillary forces (i) and water-mediation (ii) cannot operate through
effective interactions either. In the absence of water molecules,
capillary forces and the water mediating effect can be rigorously
ruled out in any observations we made.

Our results disprove the hypothesis of material softening
being responsible for humidity-enhanced adhesion of spatulae
on flat hydrophobic surfaces.’”l On flat surfaces, an implic-
itly fully “water-soaked” keratin sticks better to a surface than
complete water-free keratin by a mere 10% (Figure 7). In com-
parison, experimental®® and computational™® reports show
that the adhesion increase due to humidity is =200-300%. As
a result, we rule out softening as a mechanism dominating the
humidity-enhanced adhesion of whole spatulae on flat surfaces.
The primary mechanism underlying humidity-enhanced adhe-
sion is the mediation of keratin-surface interactions by water.
Our previous findings for wet UA gecko keratin™ showed that
elastic interactions are one of the smaller contributions control-
ling the pull-off force from the flat hydrophobic surface. As an
interesting side note, elasticity significantly contributes to the
pull-off of dry keratin from a hydrophobic surface. However, as
keratin gets wet, water mediation (ii) becomes dominant.

While material softening does not determine spatula sticki-
ness at ideal flat surfaces, it is one critical factor at nanoscopic
rough surfaces. Here, the mesoscale spatula model showed
a material softening-induced increase in adhesion of up to
120% compared to dry keratin. The higher flexibility of keratin
(which only becomes appreciable at water contents at or near
saturation) enables the spatula to follow surface structures
smaller than itself. Thus, the spatula can keep the full adhesion
potential when surfaces get rougher (Section 3.1) and surface
structures are smaller than the spatula.

Of the mechanisms underlying humidity, the water medi-
ating effect dominates in all circumstances at the very
hydrophobic surface except in extremely humid environments
(relative humidity >86%). Here, if the surface is rough and sur-
face features are smaller than the spatula, the material softening
effect may be responsible for 1/3-1/2 of the increased stickiness
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compared to the dry keratin. In short, the water-induced
increase in flexibility allows spatulae to follow surface fea-
tures smaller than themselves, thereby increasing contact area
with the surface and, thus, contributing to humidity-enhanced
adhesion. In contrast, in laboratory experiments using very
hydrophobic nanoscopic flat surfaces, the humidity-enhanced
adhesion is determined by the water mediating effect we pro-
posed.'%M Capillary forces depend on a water volume absorbed
to the surface. Capillary bridges are either completely absent on
very hydrophobic surfaces at relative humidities smaller than
the supersaturation limit or of convex geometry.'”) The latter
case could even lead to capillary forces that are repulsive.[3%4]

Finally, let us discuss the generality of our findings. Here, we
investigated material softening in terms of the more common
single-spatula experiments; however, how does this transfer to
whole setae adhesion? For the per-spatula level, we have shown
the effect of material softening in this work. However, setae
break up large contact areas into multiple smaller sub-areas
(spatulae). This strategy is called contact splitting.>**'#? Con-
sequently, the characteristic adhesive feature length increases
from the spatula’s contact area to the setae’s theoretical contact
area. Water-softened setae, therefore, likely exhibit increased
stickiness even if surface features are larger than the spatula,
as long as the surface features are in the order of the theo-
retical seta contact area. The quantitative impact of material
softening on seta-level adhesion is up for future investigation.
While neither rough surfaces nor seta adhesion investigations
are currently common or even well enough defined, system-
atic fine-grained classification of surfaces in geckos’ habitats
are completely absent from the literature, and seta investiga-
tions do not report the number of spatulae of the investigated
setae—it will be nonetheless important to fully understand the
complete adhesion strategy employed by geckos in their natural
habit. Furthermore, what happens on surfaces other than the
one we investigated? We have only explored a hydrophobic sur-
face in this work. On a hydrophilic surface, water mediation is
enhanced,™ and capillary action may become relevant at very
high humidity as water can pool up. Finally, and most inter-
esting to synthetic gecko adhesive research,#I can the results
be generalized to other materials? Both this work and our first
coarse-grained work/'”) use molecular models that are more
generic than our more precise united-atom model.'¥ There-
fore, results are generalizable to other materials with similar
properties. Synthetic adhesives can create better contact if they
are flexible enough to follow nanostructured surfaces. A water
mediation-like effect may also be constructed with small diffu-
sive molecules instead of water (i.e., tackifiersl®3l).

In this simulation study, we “deactivated” the effects of water
mediation (ii) and capillary forces (i) to only investigate spatula
softness (iii). In reality, spatulae are softened by water mole-
cules, which also operate as mediators for water-surface inter-
actions. Possible non-additive effects between the three mecha-
nisms should be the subject of further investigation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: (A) Experimental setup of atomic force microscopy (AFM) experiments that investigate gecko single-spatula
adhesion, e.g., by Huber et al.[1][2][3]. A single seta is glued to a cantilever, and then an ion beam is used to cut off
everything except isolated single spatulae. Since setae are around 100 pm long, the surface is far away from the AFM
tip. (B) The simulation setup used in this work and explained in more detail elsewhere[4]. A virtual ”cantilever” (e.g., a
non-interacting particle) is linked to the spatula shaft haft with a harmonic spring and pulled vertically upwards.

1 Deep neural network

A deep neural network is a network of nodes. A fully connected layer consists of N hidden layers, and
each node of one hidden layer is connected to all nodes of the previous hidden layer, as well as with all
nodes of the next hidden layer. Each node is essentially an activation function that computes the output
using the sum of the node’s inputs that are weighted by their corresponding weight w;;. Linear activation
functions like the Rectified Linear Unit (ReLU) or the Scaled Exponential Linear Unit[5] (SELU) are most
commonly used for regression problems like ours. The output of one node o; is the transform of the sum
over all inputs wy; - £1 to wy; - T,, essentially Z?Zl w;jz; with the activation function ¢. We use a bias b
as well (Equation 1).

0j = ¢(Z w;;T; + D) (1)

where

x, if x > 0.
¢(z) = { ae® —a, ifz <0. (2)

The networks’ weights are tuned such that the input to the network reproduces the output. The back-
propagation algorithm computes the gradient of a loss function with respect to the weights that can then
be used to update weights to minimize the loss using, e.g., gradient descent. Grid-based hyperparameter
search found optimal results for network architecture, activation functions of layers, loss function and op-
timization method. It resulted in us using the mean squared error as the loss function and Adam[6] for
stochastic optimization. In this work, we use the Keras library[7] on top of Tensorflow[8].

Figure 2 illustrates the DNN network architecture. The input vector is connected to a fully connected
layer (6x64). We use a Keras Gaussian noise layer with a standard deviation of 0.1 to regularize the inputs
(the input ranges from 1 to 3000 kJ mol~! nm~2). To reduce overfitting and improve model generalization,
we applied a Keras Gaussian noise layer to the output. The standard deviation of the latter Gaussian is
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Figure S2: Structure of the deep neural network with two inputs k and &, and two outputs E and v.

wt% RH (%) Emeso (GPa) Vmeso k (kJ mol~' nm~=2) k; (kJ mol~T nm~?)
0 0 4.529 4+ 0.033  0.409 +£ 0.002 198 1282
5 52 4.038 4+ 0.045 0.435 £ 0.002 109 1250
10 86 3.838 £+ 0.040 0.422 £ 0.002 135 1139
20 100 2.247 £ 0.025 0.496 + 0.004 3 794

Table S1: The predicted anisotropic force constant coefficients of the mesoscale keratin material and the corresponding Young’
moduli and Poisson’ ratios.

computed as 10% of the standard deviation of the mean over the whole output data, where the previously
computed Young’ moduli E and Poisson’ ratios v are used as the output.

We should note here that we scaled the Poisson ratio to be in the same order of magnitude as Young’s
modulus. Since F of our united-atom gecko keratin ranges from around 2000 MPa to 4500 MPa and
Poisson’s ratio from 0.4 to 0.5, we multiplied the latter by 10000 to make v range between 4000 and 5000.
Generally, it makes training a neural network easier if all input and outputs are regularized to the same
scale.

Except for the output layer, which uses a linear activation function ¢(z) = x, all layers use the scaled
exponential linear unit[5] (SELU) activation function (Equation 2) with a LeCun[9] kernel initializer and
biases are initialized with ones.

2 Computational Details

The united-atom (UA) gecko keratin model uses the GROMOS 54A7 force field[10, 11, 12, 13] for all atoms
present in the system, keratin protein and surface.

In an earlier coarse-grained study[14], we found that only the gecko keratin’s intrinsically disordered
protein regions (IDRs) directly contact the surface and not the beta-folded region of the keratin protein
that polymerizes into nanofibrils. Thus, only the IDRs of the gecko keratin protein are responsible for the
adhesive energetic interaction between spatula and surface. Therefore, we amorphized a gecko beta-keratin
protein (Ge-cprp-9) and only considered the intrinsically disordered parts of the protein.

The exact equilibration protocol, including energy minimization, amorphization at 1300 K with a subse-
quent cooldown, and multi-step equilibrations in the NPT ensemble with and without soft-core potentials,
go beyond this SI.

United-atom keratin simulations are carried out using the GROMACS 2018 software package[15], the
GROMOS 54A7 force field[10, 11, 12, 13], and the SPC/E water model[16]. The production runs to
calculate Young’s modulus are performed in three-dimensional periodic boundary conditions (PBC). The
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Figure S3: Average force-displacement curves of the mesoscale spatula pull-off at 4 different implicit water contents (legend).
The loading rate is 1.66 - 102 pN s~!. The average force curve is computed from 10 independent samples, and the standard
deviation of the mean is used as the error.

timestep is 2 fs, and a velocity rescale[17] thermostat keeps the temperature at 300 K. A semi-isotropic
Berendsen[18] barostat with a compressibility of 4.5 - 107® bar~! in x and y, and a compressibility of 0
bar~! in z, keeps the pressure of the system at 1 bar. Therefore, only size fluctuations in x and y are
possible. The system is uniformly strained in the z dimension with a straining rate of 0.00001 nm ps~! =
1.0 mm s~!. Production runs are repeated five times for five independently generated systems (n = 25).
Young’s modulus is computed with a linear fit to the first 1% strain. Poisson’s ratio is the average over
strain 1% to 5% and calculated using equilibrium runs, i.e., straining the system and running production
run at a constant strain.

Mesoscale keratin simulations use the GROMACS 2018 and 2021 software package[15] and are carried
out with the force field we derived previously[4], except for the bond force field parameterized in this work
using the DNN. The timestep is 20 fs. Van der Waals interactions are modeled using a Lennard-Jones
(12-6) potential with a cutoff of 12 nm and the potential-shift-Verlet scheme[19] as a cutoff modifier for
a physically[20] smooth transition at the cutoff. A velocity rescale[17] thermostat with a coupling time
of 77 = 2 ps keeps the temperature at 300 K. For simulations in the NPT ensemble used for validating
Young’s modulus and Poisson’s ratio of the DNN predicted anisotropic force constant coefficients k and k,
a Berendsen[18] semi-isotropic barostat is used, as explained above and in more detail in previous work[4].
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Figure S4: (Top) Spatulae at a material softness corresponding to a low (= 0%) humidity (0% water content) attached to
rough surfaces of increasing peak density (from top left with ppeax = 0 um~™2 to bottom right with 394.12 ym~2). The
average height between the peak and valley is 16 nm for all surfaces. (Bottom) View from below the surface, where only
surface beads (cyan) that interact with the spatula (red) are shown. The ratio Ayaney/Asp between the area between peaks
and the spatula area is noted underneath each surface.
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Figure S5: (Top) Spatulae at a material softness corresponding to a high (> 86%) humidity (20% water content) attached
to rough surfaces of increasing peak density (from top left with ppeak = 0 pm™2 to bottom right with 394.12 pym~2). The
average height between the peak and valley is 16 nm for all surfaces. (Bottom) View from below the surface, where only
surface beads (cyan) that interact with the spatula (red) are shown. The ratio Ayaney/Asp between the area between peaks
and the spatula area is noted underneath each surface.
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The prominent material-softening hypothesis in humidity-enhanced gecko adhesion is investigated by a bottom-up coarse-
grained mesoscale model of an entire gecko spatula designed without explicit water particles present, so that capillary
action and water-mediation are excluded. We show that on nanoscopic flat surfaces, the softening of keratin by water
uptake cannot nearly account for the experimentally observed increase in gecko sticking power.

31



3.2 How does Gecko Keratin stick to hydrophilic and hydrophobic
surfaces in the presence and absence of water? An atomistic
molecular dynamics investigation

Reproduced with permission from Materzok et al. [ACS Nano 2022, 16, 19261-19270] Copyright
2022 American Chemical Society.
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ABSTRACT: We developed a united-atom model of gecko
keratin to investigate the influence of electrostatic and van der
Waals contributions to gecko adhesion in scenarios representing
gecko’s natural habitats. The keratin model assumes that only
intrinsically disordered regions directly contact the surface.
Contact angles of two generic substrate surfaces that we created
match those previously used in AFM experiments on gecko
adhesion. Force probe molecular dynamics simulations pulling
the keratin from the surface show that the pull-off force
increases with increased water content and is inversely related to
the water contact angle of the surface. This matches

Wet
Hydrophobic surface

Wet
Hydrophilic surface

Dry

Dry

experimental trends. We investigated the number and charge density of keratin and water at the surface, confirming a

water-mediating effect and are able to show that keratin folds

polar groups to the hydrophilic surface. We decomposed

energetic contributions during pull-off, and our computational model shows that in contrast to popular hypotheses, long-range
electrostatic interactions determine much of the pull-off process. The contribution of electrostatics to adhesion may be in the

order of the van der Waals contributions.

KEYWORDS: gecko adhesion, molecular dynamics, pull-off force, humidity-enhanced adhesion, functional material, nanotechnology

eckos in humid rain forests, like the genus Phelsuma in
G the family of Gekkonidae, live among a wide variety of
plants in their natural habitat. The gold dust day gecko
(Phelsuma laticauda, Figure 1A,B), living in northern Mada-
gascar, moves on leaves. Hydrophobic epicuticular wax coats
plant leaves. A popular hypothesis is that short-ranged van der
Waals interactions may dominate adhesion on these nonpolar
surfaces, and long-ranged electrostatics may not be essential' ~*
or play a minor role.’ In contrast, hydrophilic materials like rocks
dominate the habitat of geckos in arid climates. The genus
Afroedura of the Gekkonidae family, also called rock geckos,
adapted to a life among rocks and stones (Figure 1C,D). Strong
adhesion to hydrophilic surfaces is necessary to move on rocks in
dry environments. Rocks commonly comprise oxides,”” and the
oxide surface is polar, which results in a hydrophilic surface and a
small water contact angle. We hypothesize that electrostatic
interactions may determine adhesion on rocks, and that it is
modulated by the presence of water.
Our previous work investigated the effect of water on the
adhesion and pull-off forces with a coarse-grained gecko keratin
model.* That model used only dispersion attraction (van der

© 2022 American Chemical Society
19261

7 ACS Publications

Waals) without long-range electrostatics. The energetic
interactions between keratin and surface, which contribute to
the force necessary to separate them, depended on only a few
parameters. An “average amino acid” of the keratin was
represented as a single interaction site,” which in turn was
parametrized from the MARTINI force field.'"*”"> Water and
surface elements were both represented by single interaction
sites, too. With this model, we were able to show that water fills
gaps between spatula and surface and smooths the spatula—
surface interface (we called this the water-mediating effect).
However, we could not study electrostatic interactions and were
limited to a single average amino acid interaction.
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Figure 1. (Top) Snapshots of systems without and with water (the terminology “dry” and “wet” refers to systems with 0 and 10 wt % water).
Surface water contact angle determines hydrophilicity of the surface; our shorthand notation for hydrophobic is “PHOB” and for hydrophilic is
“PHIL”, with “WPHOB” denoting the case of a small water layer sandwiched between the hydrophobic surface and the wet keratin. The
hydrophobic surface beads are in shades of gray. The charged hydrophilic layer are in metallic red and blue. (Bottom left) Periodic boundary
conditions parallel to the surface are shown as a transparent blue overlay. (Bottom right) The link between simulation and geckos in different
scenarios. Geckos in humid forests, like the genus Phelsuma, walk on a wide variety of plants coated with hydrophobic wax (A, B). In contrast,
the habitat of geckos living in dry, arid climates, is dominated by hydrophilic inorganic materials like sand, stones, and rocks. They adapted to a
life dominated by brown and gray colors, as seen by the color of their camouflage (C, D). Reproduced with permission from (A) Graham

Burdekin, (B) Shane Myers, (C) Simon Tonge, and (D) Harith Faroogq.

The current study introduces more chemical detail to the
investigation of the humidity effect on gecko adhesion. Instead
of having a single interaction site representing the average amino
acid, we use a united-atom force field (FF) to represent the
amino acids of the Ge-cprp-9 beta keratin. With the detailed
atomistic force field, we are able to calculate electrostatic forces,
which were not explicitly present in the previous, coarse-grained
model. The expectation is that we will be able to clarify how
critical the water-mediating effect is that we found with the
coarse-grained model and that we will be able to elucidate the
molecular mechanisms at the hydrophobic and hydrophilic
surface. Since the united-atom force field includes atomic partial
charges, we will be able to study how polar amino acids behave at
the hydrophobic versus hydrophilic surface, and if and how
water bridges form between keratin and the surface.

The present study investigates both hydrophilic and hydro-
phobic surface conditions without changing the surface

topography. The switching allows like-for-like comparisons
and isolates the effect of the electrostatic surface interactions
present only at hydrophilic surfaces. We abbreviate the scenario
with a hydroPHOBic surface as “PHOB” and that with a
hydroPHILic surface as “PHIL”. Our generic hydrophilic surface
has a macroscopic average water contact angle of 6, = 8.2 & 5.0°,
and the hydrophobic surface has a contact angle of 6, = 111.3 +
1.3°. Therefore, our two model surfaces are close to the
hydrophilicities (read: contact angles) of the experimental work
of Huber et al.,"* whose hydrophilic and hydrophobic surfaces
had contact angles of ~10 + 14° and ~110°, respectively. We
want to stress that our surfaces are constructed to have the same
contact angle as in experiment but not the same chemical
composition. However, the pull-off force is influenced much
more by the water contact angle and less by the chemical
composition, as evidenced by many hydrophobic surfaces with
different chemistry (like polyethylene or Teflon) showing very
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Figure 2. (A) Stress—strain curves for dry (blue) and wet (red) bulk keratin. Stress 6 is plotted against strain €. The strain rate is 1.0 mm s ™. (B)
Poisson’s ratio over 0 to 5% strain of dry and wet keratin. The standard deviation of the mean is used as the error.

similar pull-off forces. Thus, the exact chemical composition is
less relevant than the overall hydrophilicity or hydrophobicity.

The water content of gecko keratin modifies gecko
adhesion.">'* More water (e.g, due to increasing relative
humidity of the environment) leads to an increase of the pull-off
forces seen in atomic force microscopy (AFM) experiments'’
and force probe molecular dynamics (FPMD) studies.® The
molecular mechanisms responsible for the enhanced adhesion
are still not fully understood.">'*~'” One prominent hypothesis
is that the change in elasticity (Youngg’s modulus), so-called
material softening, is responsible.''*'® The role of capillary
forces has also been discussed.”'* We recently found evidence
that material softening does not explain the humidity-enhanced
adhesion but that water acts as a mediator between the spatula
and the surface, enhancing adhesion.® As a side note, Huber et
al."”? and others found that spatulae exhibit strongly reduced
adhesion when completely submerged under water. In this work,
we will not investigate underwater adhesion but rather adhesion
at ambient relative humidity. To investigate the effect of
humidity on the pull-off forces (and in turn on its negative, the
adhesion force), we create systems of 0 and 10 wt % water
content inside the keratin. The possible range of water content
goes from 0 to 30 wt %;® therefore, 10 wt % is a value in the
middle. We call the scenario “wet” if water is present in the
keratin and “dry” if not. Five independently generated systems
with different water content and hydrophobic or hydrophilic
surfaces are shown in Figure 1 in their equilibrium position with
no external pulling or pressing forces acting on the keratin. This
figure also illustrates the previously described habitats of the
geckos and their relationships to the five different scenarios
examined and the setup during FPMD that we will discuss later.
Even a single gecko species (e.g., the Gecko gekko, whose protein
sequence we use in this present work) which lives, among other
places, in Indonesia, encounters different weather with dry and
wet periods and has different surfaces to climb on. Thus, the
different combinations of PHOB vs PHIL and wet versus dry are
investigated here.

RESULTS AND DISCUSSION

Linear Elastic Properties of Bulk Gecko Keratin. To
validate our model (details can be found in the “Method”
section) against real gecko keratin properties, we compute
Young’s modulus E and Poisson’s ratio v (details in Supporting
Information section S6). Figure 2A shows the stress—strain
response of the dry (blue) and wet (red) keratin from 0 to 16%
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strain €,,. The slope of the first 1% strain is used to calculate
Young’s modulus, similar to Prowse et al.'> Our dry keratin
model, which represents an amorphous and highly cross-linked
elastomeric material, has a Young’s modulus of 4.53 + 0.11 GPa
at a strain rate of 1.0 mm s™*. The wet gecko keratin has Young’s
modulus of E = 3.84 + 0.18 GPa. Both values fall into the
experimental range, where 7.3 1.0 GPa'® is in vacuum and the
typically reduced Young’s modulus is 3.2 + 0.2 GPa at 30%
relative humidity and 2.2 + 0.2 GPa at 80% relative humidity."®

Stress—strain curves of setae in the literature'>'? show a
decrease in Young’s modulus when the relative ambient
humidity (RH) increases. Qualitatively, the stress—strain curve
flattens, and a plateau forms above 2%. This behavior is
reproduced by our united-atom model (Figure 2). However,
since the water content of gecko keratin in the experimental
studies is not known (only the ambient RH is known), we
cannot directly relate our water content of 10% to the relative
ambient humidities used in experimental work.

Poisson’s ratio v of our keratin is shown in Figure 2B. The
presence of water does not appear to affect it strongly. The dry
system has a Poisson’s ratio of v = 0.41 + 0.02 and wet keratin,
being slightly softer, v = 0.42 + 0.02 (red). The experimental v
for gecko spatulae and setae is not known. Our result is
comparable to previous coarse-grained work® with fibrils
present, which showed v being 0.43.

Pull-Off Forces of Keratin on Different Surfaces. We
compare pull-off in different scenarios at the same loading rate.
The difference in mean pull-off forces F' between different
surface hydrophilicities and water contents (Table 1) shows a
clear dependence of the gecko adhesion on the five different
scenarios. Figure SS shows a single force—time curve and a
dynamic force spectra. Figure S6 summarizes the forces relative
to the dry keratin dry surface (PHOB dry) scenario.

Table 1. Mean Normalized Pull-Off force F" of Keratin Pull-
Off in Different Scenarios and the Standard Deviation of F'*

scenario keratin  surface F'(nN)  o(F") (nN)
PHOB dry dry dry PHOB 1.0 04
PHOB wet wet dry PHOB 1.8 0.5
wPHOB wet wet wet PHOB 2.4 0.8
PHIL dry dry dy  PHIL 66 0.8
PHIL wet wet wet PHIL 82 0.3

“The theoretical loading rate is Fio = 1.66 X 102 pN s~
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Figure 3. Number density of keratin (A) and water (B) normal to the surface z in all five scenarios. The vertical cyan line denotes where the
surface density is half its bulk value at z = 2.44 nm. The range of the Lennard-Jones interaction (1.4 nm) from the surface into the keratin is
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Figure 4. Charge density of keratin (A) and water (B) in different scenarios normal to the surface z. The standard deviation & (units: e nm™>) of
the charge density, given in the legend, is calculated between 2.44 and 6 nm and is a measure for the amplitude of the charge fluctuations. The
vertical cyan line denotes where the surface density is half its bulk value at z = 2.44 nm. The range of the Lennard-Jones interaction (1.4 nm)
from the surface into the keratin is shown as a vertical dashed black line at z = 4.15 nm. Values are averaged over the last 55 ns of the relaxation
runs (80 ns long) of five independently generated systems. The bin width is 0.01 nm.

The mean pull-off force F is larger when the keratin is wet.
The largest pull-off force is seen when the surface is hydrophilic
(PHIL). The surface hydrophilicity causes a larger increase of
the pull-off force than the water content of the keratin. However,
a water layer (WPHOB wet) at the surface and water inside the
keratin appear to be additive to that of hydrophilicity. The
possible reasons are discussed below.

In previous experimental work by Huber et al,'® the pull-off
force increased by a factor of 2.5 from a hydrophobic surface (6,
~ 110°) to a hydrophilic surface (6. &~ 10 + 14°), similar to the
increase by a factor of 3.4 & 1.2 observed here.

Influence of Water Content and Surface Chemistry on
the Keratin Nanostructure and Dynamics Close to the
Surface. The number density of keratin as a function of distance
normal to the surface (Figure 3A) depends on surface chemistry
and water content. Water presence leads to a higher density of
keratin near the surface, maximizing the number of short-ranged
van der Waals interactions between keratin and the surface.
Water accumulates at the hydrophilic surface (Figure 3B) and
fills the gaps between the keratin and the surface. Here, up to
10% (400) of the water molecules present are able to penetrate
at most 0.6 nm into the hydrophilic slightly porous amorphous
surface layer, similar to typical penetration depths of 0.5 nm
found in amorphous silicon dioxide’*”' In the case of a
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hydrophobic surface (PHOB wet and wPHOB wet in Figure
3B), the water does not accumulate at the surface but is available
to form short-range van der Waals interactions with the surface.
As proposed in our previous work,® the resulting increase in the
total number density of interaction sites (water + keratin) at the
keratin—surface interface leads to water mediating the surface—
keratin interactions. The atomistic simulations of this work
confirm this.

To elucidate the role of electrostatics, we show in Figure 4 the
charge density normal to the surface calculated from the atomic
partial charges of keratin (Figure 4A) and water (Figure 4B).
Recall that MD uses partial charges to account for the
asymmetric distribution of electrons in chemical bonds and
that we explicitly design our model to be net neutral. Thus, the
total charges of the keratin and of the surface are zero. It is
possible to discern between charged (polar) atoms at the
hydrophilic surface using a bin width of 0.01 nm (compare a
typical bond length of 0.1 nm). There is a difference in
amplitude between hydrophilic (PHIL) and hydrophobic
(PHOB) surfaces.

In Figure 4A, the keratin charge density and its standard
deviation ¢ (computed between z = 2.44 and 6 nm) are shown
for dry keratin on the hydrophilic and hydrophobic surface. The
remaining scenarios are summarized in Figure S7A, and the
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Figure 5. Top viewing snapshots of the keratin in contact with the surface (after 80 ns relaxation run). The keratin material is visualized with
ribbons colored by residue types: polar (green), nonpolar (white), acidic (red), and basic (blue). Water is highlighted in red, and the surface is
shown in gray. Water fills the gaps between the keratin and the surface. Dry keratin at the dry hydrophobic surface (a), dry keratin at the dry
hydrophilic surface (b), water containing keratin at the wet hydrophobic surface (c), and wet keratin at the wet hydrophilic surface (d).

dependence of 6 on bin width is shown in Figure S7B. The first
two features (positive and negative) inside the hydrophilic top
surface layer are positively charged (z &~ 2.1 nm) hydrogen-
bonded to negatively charged (z ~ 2.2 nm) nitrogen and oxygen.
Hence, like water, some amino acid atoms can penetrate the
hydrophilic, slightly porous amorphous surface layers. Only the
hydrophilic surface enhances charge excess at the interface (z =
2.44 nm), suggesting that gecko keratin selectively folds more
polar amino acid residues toward the hydrophilic surface.
Subsequently, at z > 2.44 nm, the periodicity of the charge excess
suggests a layering (charge alternation) of amino acids
throughout the keratin. The relative change in 6 compared to
the hydrophobic surface of around 60% confirms this (Figure
4A, legend). While surface hydrophilicity influences layering in
the keratin, water does not (Figure S7).

The first negative feature of the charge density of water is at
around z = 2 nm in Figure 4B. This suggests that the oxygen of
water is present inside the top surface layer close to the interface,
which was observed by previous simulation work on amorphous
silica surfaces.”® The following features are more pronounced
than the first and show the hydrogens and oxygens of further
layers with more surface-bound water volume available. The
reason for hydrogen signals being in front of oxygen is their
smaller size; hydrogen can get closer to the surface than oxygen.
The absence of pronounced water layers at the dewetted
hydrophobic surface (PHOB wet and wPHOB wet) is not
surprising.”’ Water charge alternation inside the keratin (z >
244 nm) is less obvious than for amino acid charges.

Figure 5 views water molecules at the keratin—surface
interface in the direction of the surface normal. Water fills the
cavities between keratin and the surface. Thus, it smooths the
keratin—surface interface and mediates a larger number of
energetic interactions between spatula (where water is bound)
and surface, confirming what we previously described.®

We also measure the flexibility of the keratin by the
correlation time for the N to C,; bond vectors of the amino
acids closest to the surface. As detailed in Supporting
Information section S9 and Figure S8, the influence of the
conditions (water content and surface hydrophilicity) is
marginal. There is a larger influence of an external force: During
preload (external applied pressure of 0.4 pN nm™2), the average
power-law exponent that describes the correlation time
distribution is 0.81 + 0.08, whereas during relaxation (no
force), it is 1.5 + 0.19. Thus, the mobility of the amino acid
segments is reduced during preload.

Decomposition in Interaction Energy Contributions
and Link to Molecular Mechanisms. Methodology and

Theoretical Background. We study how energy is stored or
dissipated during the pull-off process and the influence of
different wetting and hydration scenarios. To this end, we
calculate the change of individual contributions between the
point where keratin is in perfect contact with the surface and to
the point of detachment, i.e., when the force is maximum. Elastic
energy recovered at a later stage, for example, by the spatula
snapping back after detachment, is not considered, as it does not
contribute to favor or disfavor the pull-off proper.

The interactions during the pull-off can be separated into the
following:

A Keratin—surface interactions (K—S)
A.1 Lennard-Jones (short-ranged van der Waals (~1/
)
A2 Coulomb (long-ranged electrostatic (~1/r))
B Water interactions (W—W, W—K, and W—S)
B.1 Lennard-Jones (short-ranged van der Waals (~1/
)
B.2 Coulomb (long-ranged electrostatic (~1/r))
C Elastic interactions inside the keratin (K—K)
C.1 Network of chemical bonds
C.2 Lennard-Jones (short-ranged van der Waals (~1/
)
C.3 Coulomb (long-ranged electrostatic (~1/r))
Only keratin—surface interactions (interactions A) and elastic
interactions (interactions C) are experimental observables. In
simulations, energies can be further decomposed into
contributions by keratin, water and surface. Furthermore, the
short-ranged (~1/7°) van der Waals and long-ranged (~1/r)
electrostatic contributions are separated. This separation is,
however, model-dependent.

Keratin Detachment Mechanisms. In Figure 6A, the relative
contributions of AU; to the total potential energy, which needs
to be overcome for detachment ) AU, (the sum of all
contributions), are shown. The ratio AU/Y AU, can be
negative if the process is favored and the energy change is
negative. Thus, the ratio could also exceed 100% because the
sum over all ratios gives ),AU,/ Y AU, = 1. Here, we report the
changes of interactions A—C, defined in the “Methods” section,
upon detachment. Relative contributions further separated into
van der Waals and electrostatics are shown in Figure 6B (Table
S3 summarizes absolute values).

The two most conspicuous points are as follows: First, energy
changes internal to the keratin are at least as important as those
of the interactions between keratin and surface (Figure 6A).
Second, electrostatic interactions are at least as crucial as van der
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Figure 6. Relative contributions to the total potential energy change. Percentages are computed as AU,/ Y, AU; X 100. Thus, a negative energetic
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Waals interactions (Figure 6B), which to some extent runs
against the common folklore.' ™

It is not surprising that gecko keratin interacts with a
hydrophilic (polar) surface via electrostatics (interaction A.2).
However, electrostatic contributions are even present at the
hydrophobic (uncharged) surface in the following interactions:
keratin—keratin (interaction C.3), keratin—water (interactions
B.2 and C.3), and water—water (interaction B.2). Electrostatic
keratin—surface (interaction A.2) interactions are not present at
hydrophobic surfaces, as seen by the experiment, but electro-
static keratin—keratin (interaction C.3) interactions are still
present.

Different scenarios show different energetic mechanisms
during the pull-off process. Three influences are most
significant: (i) Elastic electrostatic contributions from kera-
tin—keratin interactions (interaction C.3) oppose the pull-off
and dominate at hydrophobic surfaces. (ii) The surface
chemistry modulates the mediating effect® of water: At the
hydrophobic surface, water sticks to the keratin and opposes
pull-off by short-range van der Waals interactions (interaction
B.1) between it and the surface. At a hydrophilic surface, water
sticks to the surface and opposes gecko keratin pull-off due to the
water—keratin van der Waals (interaction B.1) and electrostatic
(interaction B.2) interactions. The presence of water and a
hydrophilic surface, thus, lead to a closer attachment of keratin
to the surface, resulting in a higher number of energetic
interactions, which need to be overcome before the keratin can
be detached.

It is also interesting to look at the change of the hydrogen-
bonding pattern during pull-off. We define a hydrogen bond to
be present when the distance between two heavy atoms is less
than 0.35 nm, and the hydrogen donor—acceptor angle is below
30°. In Figure 7, the change of the number of hydrogen bonds is
given with respect to the situation at full attachment. The
abscissa (Lg) denotes the position of the COM of the top-half of
the keratin, with Ly = O being the point where the keratin
detaches, i.e., the point of maximum force.

Hydrogen bonding within the keratin (Figure 7C) shows an
increase upon detachment in most environments, possibly with
some recovery after detachment (Lg > 0). Only for wet keratin
on a hydrophilic surface is there a significant reduction. This is
more than compensated by newly formed water—keratin
hydrogen bonds (Figure 7B) and a concomitant reduction of

water—water hydrogen bonds. Another interesting situation is
that of a hydrophobic surface with wet keratin and excess water
(WPHOB wet): Keratin is forming additional hydrogen bonds to
water without giving up existing keratin—keratin hydrogen
bonds.

CONCLUSIONS

We present an atomistic gecko keratin model based on the
GROMOS 54A7 force field,”*™>° complementing the previous
coarse-grained gecko keratin model®” with chemical details and
the explicit treatment of long-range electrostatic interactions.
We devised hydrophobic and hydrophilic model surfaces by
matching the water contact angle of previous experimental work
on gecko adhesion. By adding water to the keratin and/or the
surface, five scenarios were created for modeling gecko adhesion
in different natural environments.

The keratin model assumes that the intrinsically disordered
and random-coil domains of the Ge-cprp-9 protein (Figure 8)
contact the surface. The fibrils are inside the setae and, therefore,
are away from the surface. The keratin has the same cross-linking
density as the coarse-grained model by Endoh et al.” The elastic
characteristics of our keratin model match available exper-
imental data on setae and spatulae (Figure 2).1518

The focus of this work is to investigate gecko adhesion in
different environments (Figure 1) via force probe molecular
dynamics, simulating the pull-off experiments done using AFM,
but on a molecular scale. As experimentally seen by Huber et
al,"? the pull-off force necessary to detach the keratin increases
with the water content of the keratin. It is inversely related to the
water contact angle of the surface (Table 1). We calculate that
the force needed to detach the keratin from a hydrophilic surface
is 3.4 &+ 1.2 times larger than from a hydrophobic surface. Our
sunulatlon is comparable to the experimental results:'**° Huber
et al.'? observe an increase of around 2.5 times between similar
hydrophobic and hydrophilic surfaces.

The presence of water and a hydrophilic surface both lead to
the keratin attaching more closely to the surface (Table 2). As a
result, the first layer of amino acids is less mobile because of the
reduction of free volume (Figure S8). The closing of the
keratin—surface gap by water increases the number of amino
acids near the interface, resulting in more short-range van der
Waals keratin—surface interactions. Additionally, we confirm
that water mediates keratin—surface interactions.” When it
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Figure 7. Change in the number of hydrogen bonds during pull-off
against the distance to the point of detachment (Lg = zconme — Zcom
with zcour the top-half keratin COM position at maximum force
and zcoy the top-half keratin COM position). (A) Changes in
water—water hydrogen bonding, (B) water—keratin hydrogen
bonding, and (C) keratin—keratin hydrogen bonding. We define a
hydrogen bond as the donor—acceptor distance of less than 0.35 nm
and an hydrogen donor—acceptor angle of less than 30°. The
average number of hydrogen bonds at a distance Lg, and the
standard deviation are computed over 50 nonequilibrium pulling
simulations at a loading rate of Fy., = 1.66 X 10" pN s™'. We use the
standard deviation of the mean as the error.

accumulates at the surface, this leads to an increase in the total
number of short-range interactions. The charge density profiles
of keratin and water at the surface show that both exhibits
enhanced layering (charge alternation) near the hydrophilic
surface compared to the hydrophobic surface.

Decomposing energies in short-ranged (~1/r°) van der Waals
and long-ranged (~1/r) electrostatic interactions by type of
interaction gives insight into the molecular interactions

governing the pull-off of keratin from a surface (Figure 6).
The exact balance between electrostatic and van der Waals
contributions may change with the model, but internal
comparisons are still possible. The short-ranged van der Waals
interactions between keratin and the surface, previously thought
to determine the strong adhesion of geckos,'* play a more
minor role and are just one of many interaction types in the
energy balance during pull-off. The mediating effect of water
previously reportecl8 is found to vary with surface chemistry. For
a hydrophobic surface, the surface water—keratin bridge breaks
first between the water and the surface. On a hydrophilic surface,
in contrast, the bridge breaks between the water and keratin.

Intrakeratin electrostatic interactions store much of the elastic
deformation energy, only recovered after the keratin pull-off.
Our computational model shows that intrakeratin electrostatic
interactions determine much of the pull-off energy in all
scenarios. This result does not conflict with the popular
hypotheses that claim that electrostatic interactions play no
role' ™ or just a minor role.””” These refer to electrostatic
interactions between a surface and keratin, both of which have
net charges since an experiment cannot investigate the
intrakeratin electrostatic interactions and is limited to the
keratin—surface interactions. In all scenarios, the total electro-
static contributions are of the same magnitude as the van der
Waals contributions. They are most important at the hydro-
phobic surface, where they provide most of the resistance against
detachment.

METHODS

United-Atom Model for Gecko Keratin. Immunolocalization by
Alibardi* examined the location of 16 cysteine-rich beta-proteins of the
gecko. The authors showed that especially the Ge-cprp-9 protein is
located at the spatula—air interface. It is thought that the beta-sheet
region (so-called core-box region) of the Ge-cprp-9 protein®
polymerizes into nanofibrils and these associate further into fibrils.”*”>
The function of these filaments is grobably to provide anisotropic
elasticity to gecko spatulae and setae.”

The Ge-cprp-9 head and tail regions contain large intrinsically
disordered regions (Figure 8) that fold into random coils. Intrinsically
disordered domains and intrinsically disordered proteins (IDP) have a
flat energy landscape in contrast to the typical, strongly funneled energy
landscapes of functional proteins.> The result of a flat energy landscape
in IDPs is that they do not adopt a favored three-dimensional (3D)
conformation.

The gecko keratin model assumes that only the head and the tail
regions are in contact with the surface and that the core-box region,
forming the nanofibrils, is further away from the surface. Thus, we use a
truncated Ge-cprp-9 protein and remove the amino acids of the core-
box. Therefore, our model does not contain nanofibrils. We exploit that
head and tail regions are coil-like and disordered. We create their initial
three-dimensional structure using a self-avoiding random walker. A
detailed explanation of the random walker is provided in Supporting
Information section S1. The interactions are modeled using the united-
atom GROMOS 54A7 force field.”>~>° The water model is SPC/E.>

Hydrophobic and Hydrophilic Surfaces. The generic hydro-
philic and hydrophobic surfaces are a volume of united-atom CH,
GROMOS 54A7°*7*° beads with number density of p ~ 20 nm~>and a
height of z = 2.475 nm. Beads do not overlap, and with the number
density comparable to that of amorphous silicon dioxide, a few water
molecules can penetrate up to 0.6 nm into the top surface layer. The top
0.475 nm of the hydrophilic surface include positive and negative
charges. The total net charge of the surface is zero. All details can be
found in Supporting Information sections S2 and S3.

The macroscopic average contact angle of the hydrophobic surface is
6. =111.3 & 1.3° and of the hydrophilic surface 6, = 8.2 + 5.0°, using
our SPC/E water model, close to the surfaces studied experimentally by

https://doi.org/10.1021/acsnano.2c08627
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Figure 8. Prediction of the secondary structure of the Ge-cprp-9 protein using PSIPRED4."
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coil-like (gray backdrop) and the predicted intrinsically disordered domains (blue enclosure) are in the head and tail regions of the Ge-cprp-9
protein. The core-box region® (beta-sheet region) is enclosed in red. Prediction of intrinsically disordered domains is done using

DISOPRED3.>*

Table 2. Average Position of the Top-Half Keratin COM in
the Dimension Normal to the Surface z¢qy, after 80 ns
Preload Followed by 80 ns Relaxation and the Standard
Deviation of the Mean”

scenario Zcom (nm) o(zcom) (nm)
PHOB dry 7.20 0.37
PHIL dry 6.74 0.10
PHOB wet 6.97 0.35
wPHOB wet 6.96 0.33
PHIL wet 6.64 0.08

“For both of the hydrophobic and the hydrophilic surfaces, the
density is one half of its bulk value at z = 4.4 nm.

Huber et al."> More details on the calculation of contact angles are
found in Supporting Information section S2, and simulation snapshots
are found in Figure S2.

We expect that the surface of an oxide mineral (e.g., the amorphous
silica substrate of Huber et al.)'? is not deformable; at least, it is orders
of magnitude stiffer than keratin. We have therefore decided to make
our surface completely rigid.

United-Atom Bulk Gecko Keratin Equilibration. All MD
simulations are carried out using the GROMACS 2018 software
package. A barostat and thermostat keep the temperature at 300 K and
the pressure at 1 bar. Detailed information is listed in Supporting
Information sections S4—S7.

We use only interaction parameters of the GROMOS 54A7 force-
field,”>~* which includes bonded and nonbonded interactions between
all atom types. In the united-atom representation, apolar hydrogens are
incorporated into their parent carbon atoms. Nonbonded interactions
contain van der Waals contributions modeled by Lennard-Jones (12—
6) potentials and electrostatic Coulomb interactions due to atomic
partial charges to account for the asymmetric distribution of electrons
in chemical bonds.

The exact equilibration protocol is detailed in Supporting
Information section SS. Gecko keratin contains a large fraction of
disulfide bonds.*” We add disulfide bonds to the systems after
relaxation in the NPT ensemble. One-third of the cysteines (content ~
7.5%) are involved in a disulfide bond. Thus, it results in the same cross-
linking density as in previous coarse-grained simulations.”

The last step of our keratin preparation is to insert water, where
necessary, into the system. We create one system with no water (dry)
and one with 10 wt % water (wet) for each surface chemistry (PHIL or
PHOB). We insert water molecules where they do not overlap with
existing atoms. After insertion, they are free to move. Next, we energy-
minimize until the maximum force is below 50 kJ mol™ nm™. Finally,
we equilibrate the system in the NPT ensemble for 75 ns using a time
step of 4 fs. Using a velocity rescale thermostat’” and a Berendsen
barostat,”® the system is equilibrated at 300 K and 1 bar. The energies
and the density converge after around 50 ns. The density of the dry
keratin is p = 1269.6 + 3.1 kg m™> (a typical experimental keratin
density is around 1.3 g cm™),**" the density of the wet keratin,
including the water reaches p = 1281.8 + 1.2 kg m™.

Nonequilibrium Pull-Off Simulations. To measure the pull-off
force of the keratin, we use force probe molecular dynamics (FPMD)
on periodic semi-infinite keratin attached to a surface (Figure 1) as in
our previous work on gecko adhesion.® The keratin and surface are

periodic in the dimensions parallel to the surface. In the current work,
we extended the preload (external force pressing keratin against the
surface) and relax (no external force) run times to 80 ns. More details
can be found in Supporting Information sections S7 and S8.

In experiment and nature, the spatula is not vertically lifted off the
surface but peeled off sideways, like an adhesive tape. Delamination
occurs by a proceeding delamination front. The geometry of the
delamination front resembles that of a crack propagation zone.
Different from a crack inside a polymeric material, however, no
chemical bonds are broken (there are none between keratin and
surface), and crazes do not precede the delamination front. Our system
of (6.8 nm)? area is small enough to be regarded as a small part of the
much larger (um?) delamination zone. Since we cannot simulate (with
current computer performance) the full geometry necessary for peel-off,
absolute pull-off forces and (pull-off pressures) are not directly
comparable to values gathered by AFM experiments. We want to
emphasize that the difference between AFM and our pull-off forces is
due to different geometries and not the choice of force field.

Results of this work were used as target properties for a multiscale
modeling approach to simulate a whole spatula. With the generated
mesoscale model we were able to peel-off a whole gecko spatula from a
nanoscopic flat hydrophobic surface.*" As a result, we showed, that pull-
off forces extrapolated to loading rates of AFM experiments are
comparable to experiments (in the order of 10 nN pull-off force of one
spatula) when a peel-off geometry was used. We, therefore, validated
the united-atom gecko keratin model developed in this work and
believe it is a good candidate to investigate the molecular mechanisms
involved in gecko adhesion. In future investigations, we may use both
works to investigate contact splitting™ during gecko adhesion.
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1 Gecko
model

spatula keratin

A self-avoiding random walker inserts the core-
box knockout amino acid sequence into a simu-
lation box of given size under three-dimensional
periodic boundary conditions (PBC) until a tar-
get density of 1.3 g cm™! is reached. As a ba-
sis for our self-avoiding random walker we used
the PeptideBuilder library! where each added
residue (amino acid) is placed by specifying the
angles 1;_1, w; and ¢; (Figure S1). The coordi-
nates of the alpha carbon at i —1 and the afore-
mentioned angles define the position of the new
C,i and the position of the functional group R;.

Excluded volume is taken into account for
all atoms during the growth of the chain, and
moves are only accepted if no overlap occurs.
Excluded volume for the C;,_; and C,;_; atoms
are not taken into account. We use sepa-
rate cutoffs for intramolecular excluded volume

Figure S1: Backbone dihedral angle conven-
tion of the PeptideBuilder library®. The self-
avoiding random walker we developed, places
a new residue 7 by choosing a uniform random
number for ¥;_; w; and ¢; and accepting a move
if no overlap occurs.
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overlaps it = 0.185 nm and for intermolecu-
lar overlaps oiyer = 0.19 nm.

2 Model hydrophobic and
hydrophilic surface

The surface is generated by randomly placing
beads inside a target volume until the number
density p ~ 20 nm~3 is reached (to compare,
silicone density in amorphous silicone dioxide
psi = 20 nm~3 polyethelyene density pcp, ~
3 nm~?).The surface slab (periodic in x and y)
extends from z=0.1 nm to z=2.475 nm.

All surface beads are treated as atoms of type
CH2 of the GROMOS 54A7 FF2?3. To cre-
ate a hydrophilic surface, without changing the
surface morphology and roughness, we ”switch-
on” charges in beads in a thin layer at the
surface-air interface. This charged, hydrophilic,
layer is made up of the same bead type as the
hydrophobic surface (CH2), except that half
of the beads have a positive charge (0.5 e)
and the other half negative charges (—0.5 e).
The £0.5 e charge is comparable with partially
charged oxygen atoms and their neighboring
metal atoms in an oxide mineral. They are in-
cluded on the beads between z=2.0 and z=2.475
nm. Thus, only the top 0.475 nm of the hy-
drophilic surface includes positive and negative
charges, and we make sure that the total net
charge of the surface is zero. Thus the surface
is polar and net neutral. For the hydrophobic
surface model, all beads are kept uncharged.

The contact angle of the surfaces are com-
puted by the sessile drop method. A cylindri-
cal drop is placed on top of a surface and equi-
librated, see Figure S2. We choose a droplet
radius of around R = 4 nm for the contact
angle calculations (see Figure S3). The hy-
drophobic surface results in an average (N=5,
60 ns equilibration, 20 ns trajectory for anal-
ysis) contact angle of 110.8 =+ 1.3°, the hy-
drophilic surface in 6, = 14.7 + 3.3°. The in-
fluence of the droplet radius on the liquid-vapor
surface tension, and to that extent, the devia-
tion of the calculated contact angle 6,, from the
macroscopic contact angle . can be estimated®
by taking the Tolman length” § (SPC/E water

§ ~ —0.05 nm?®) into account. The increase
in the nanoscopic liquid-vapor surface tension
compared to the macroscopic surface tension
v = 5y (1 —20/R) for a SPC/E water drop
of 4 nm radius is around 2.5%. The change in
contact angle Af due to overestimation of the
nanoscopic liquid-vapor surface tension can be
expressed as

Af = cos! <’YSL - st) — cos—! <78L - ’st)
v /1.025 Vv
- en - 9(:
(1)

with ~gr, the solid-liquid surface tension, gy
the solid-vapor surface tension and the SPC/E
liquid-vapor surface tension®!° 41y ~ 62.7mN
m~2. By computing equation S1 we can show
that the hydrophobic contact angle is underes-
timated by 0.55°. By correcting for these fi-
nite size effects, the macroscopic average con-
tact angle of the hydrophobic surface is 6. =
111.3 £ 1.3°. In contrast, the macroscopic av-
erage contact angle of the hydrophilic surface is
underestimated, with A = —6.5 4+ 1.7° and
the macroscopic average contact angle for the
hydrophilic surface is 6. = 8.2 + 5.0°.

3 Surface modelling

We calculate the number of beads given a tar-
get number density psuface = 20 nm~> and the
target surface volume. Then, we insert half
of the beads into the volume using uniformly
distributed random positions. Next, we move
overlapping beads in small, incremental steps,
until no overlap gipgertion 0Ccurs. Afterwards, we
insert the other half of beads at positions sur-
rounding the already inserted beads, since this
increases the likelihood of finding empty cav-
ities. We use a slightly modified Boltzmann-
inverted Morse-style potential'! as a probabil-
ity density function to efficiently sample valid
positions surrounding the first half of beads.
Similar parameters as the Si-O Morse potential
parameters for a amorphous silica surface are
used!? (Ry = 0.1628 nm). We optimized the
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Figure S2: Snapshots of both hydrophobic (left) and hydrophilic (right) surfaces after an 80 ns
equilibration run in the NVT ensemble at 300 K. The periodic boundaries are shown as a blue

square surrounding the systems.

functional form (Equation S2) and its parame-
ters to make sampling fast and efficient. Inter-
nally we use the normalized probability func-

tion P(z) = p(:c)//ooop(ac)dx with p(z) as

T

p(z) =1—exp {4 (630(1_’%0) -2 6%30(1_’?‘_0))]
(2)
Finally, we correct the positions of beads by
moving them in small steps until there is no
Overlap Oinsertion -
The overlap cutoffs used in generating the sur-
face are listed in Table S1.

Table S1: Overlap cutoffs used to generate
model surface.

Bead-bead distance  Oinsertion (nM)

first half-first half 0.27
second half-second half 0.22
first half-second half 0.15

4 Computational details

All bonds are constrained using the LINCS al-
gorithm.!® Long-range electrostatic interaction
are treated by the smooth Particle Mesh Ewald
(PME) method 15 with a PME order of 4 and
a Fourier spacing of 0.12 nm. A real space cut-
off of 1.4 nm and a van der Waals interaction

cutoff of 1.4 nm is used. We use the Potential-
shift-Verlet scheme!® as a cutoff modifier for a
physically!” smooth transition at the cutoff.

5 Bulk gecko keratin equi-
libration

To relax and equilibrate the Ge-cprp-9 core-box
knockout gecko keratin model the system is en-
ergy minimized by slowly switching between a
soft-core potential treatment of the interactions
and the unmodified interaction potentials, since
the extremely dense random walk system has
initially strong repulsive forces due to the un-
specific treatment of the excluded volume over-
lap between atoms (as discussed in section S1)
during the chain creation.

To solve numerical instabilities in free energy
calculations, commonly encountered in e.g ther-
modynamic integration, realistic soft-core po-
tentials were developed'®'?. These soft-core
potentials are generally used to circumvent the
problem of overlapping singularities if the cou-
pling parameter \ is close to the switched-off
state. We switch the soft-core potentials from
A = 0.25to A = 1.0 in steps of A\ = 0.05
during minimization using steepest descent to
energy minimize the very dense system. The
modified soft-core interaction potential V. is
coupled to \ as
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Figure S3: The droplet is sliced into layers with a binwidth of d, = 0.3 nm; for illustration purposes,
we use a larger d, for (a). The radial density of each layer is computed with binwidth r, = 0.2 nm.
(b) The average number density of water in the center of the droplet is used to find the intersection
point between the radial density in each layer, averaged over 1 ns trajectory time, with the position
where the density is half the droplets interior. (¢) We performed spline and linear fits of the ”edges”
of the droplet (here shown for the hydrophilic surface). (d) The calculated contact angle (the arc-
tangent of the slope) is shown against simulation time for the hydrophilic surface. Solid lines are
values from spline fits and dashed lines from linear fits. The average calculated contact angle of the
last 20 ns is translated to the macroscopic contact angle described in Supplementary Section S2.
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Vee(r) = AV (1) (3)

with 7, = (ao(1 — A\)P +7%)/6 and the soft-
core parameter o = 2 and soft-core power p =
2, which leads to smooth treatment of r << o
(Figure S4) and therefore a constant repulsive
force at r = 0 nm.
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Figure S4: Soft-core potential V. with increas-
ing coupling parameter A against distance r,
with illustrative Lennard-Jones € = 1 kJmol ™!
and 0 = 0.3 nm. Soft-core parameter & = 2 and
soft-core power p = 2 lead to soft-core ”singu-
larities” for Lennard-Jones (LJ) and Coulomb
(1/r) interactions.

After energy minimization from A = 0.25 to
1.0, we further exploit this method to dramati-
cally speed up the high temperature relaxation
needed to amorphize the system. Because of
the soft-core potentials and the thermal energy
at the high annealing temperature of 1300 K
(RT = 11 kJmol™!, compare to Figure S4)
the decay of the autocorrelation function of the
end-to-end vector and of the radius of gyration
is reduced down to & 25 ps (from =~ 2200 ps us-
ing hard potentials at 1300 K). We can therefore
relax any unrealistic frustrations on the picosec-
ond timescale, i.e. the chains loose any correla-
tions to their initial conformations. During the
soft-core annealing simulation we run A = 0.7 to
1.0 in steps of AX = 0.1 totaling four runs of 100
ps with a timestep of 0.4 fs. This ”slow push-
off” procedure is, for closely related soft-core
potentials known to significantly reduce pertur-
bations in local chain conformations.?’ We use
a relative dielectric constant of €, = 80 to sim-

ulate the electrostatic screening effect of water
the proteins would encounter during their post-
translational folding inside the aqueous living
cell. A Berendsen thermostat?!, with a cou-
pling time constant of 70 = 0.1 ps, is used to
simulate in the NVT ensemble.

After the high temperature soft-core anneal-
ing we cool the system down in steps of 50
K. We step-wise decrease the relative dielectric
constant to e, = 1 with €,(7") = {5 - 0.08 — 23.
This NVT cool down is performed from 1300
K to 700 K with a timestep of 0.4 fs for 250
ps. To speed up computation times we switch
first to 0.6 fs timestep below 800 K, then to 1
fs below 700 K and, finally, to a timestep of 2 fs
below 400 K. We further increase the equilibra-
tion time from 250 ps to 2.5 ns when the sys-
tem cooled down to 350 K and to a equilibration
time of 5 ns at 300 K. During each cooling step,
the potential energies converge and the radius
of gyration converged and stays constant at 300
K for 5 ns, however, since our material is made
up of a intrinsically disordered protein the ra-
dius of gyration differs greatly between chains.
At temperatures 350 K and 300 K we transfer
the system from the NVT ensemble to the NPT
ensemble by using a isotropic Berendsen baro-
stat?! with a coupling time of 7, = 0.5 ps and
a compressibility of 4.5 - 1075 bar~!.

After cool down the density is at p =
1268.23+1271.49-)1—1263.09+1271.58 1268.6 kgm™?
and we run NPT relaxation for another 5 ns

with a velocity rescaling thermostat??, reaching
a density of p = 1200.1THI27LEIH1265.52+1273.86

1270.0 kgm~—3 using a timestep of 2 fs.

In the next step we add disulfide bridges to
the NPT relaxed systems. Our protocol results
in &~ 1/3 of cysteins being involved in a disul-
fide bond, which corresponds to approximately
7.5% cystin content, resulting in the same cross-
linking density from previous coarse-grained
work.?® To accomplish 7.5% cross-linking den-
sity we systematically grow a cutoff positioned
on each cysteine thiol to find neighboring cys-
teins. We grow these cutoffs in steps of 0.05
nm until the number of possible unique disulfide
bridges reaches the target cross-linking density.
We make sure that each cysteine can only be
cross-linked to one other cysteine. After switch-
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ing from cysteine’s thiol functional groups to a
disulfide bridge, the maximum bond length is
around 0.6 to 0.8 nm (which means the cut-
off grew on average to a radius of 0.6 to 0.8
nm to satisfy our set condition of 7.5% cross-
linking density). The cross-linked elastomer-
like system is energy minimized with soft-core
potentials from A = 0.25 to A = 1.0 in steps of
0.05. Afterwards we energy minimize without
soft-core potentials until the maximum force
is below 100 kJmol 'nm~!. The maximum
bond length after minimization is 0.2049 nm,
i.e. equal to the equilibrium bond length for
disulfide bridges parameterized in the GRO-
MOS FF.

We subsequently run a NPT relaxation of the
now cross-linked elastomer-like system. Run
time for this step is 10 ns using a timestep of 2
fs, a isotropic Berendsen barostat?! with a cou-
pling time of 7, = 0.5 ps and a compressibil-
ity of 4.5-107° bar~!. Temperature coupling
is done with a velocity rescaling thermostat?2.
The density converges after 5 ns to around p =
1267.68+1259.67+12654.78+1256.49+1268.46 — 12634 =+
4.6 kgm™3.

In the final step of our equilibration pro-
tocol for the bulk gecko keratin we insert 0
wt% and 10 wt% SPC/E water under consid-
eration of individual Lennard-Jones o of the
gecko keratin atoms. Next, we perform stan-
dard energy minimization until the maximum
force is below 50 kJmol'nm™!. Finally, we
equilibrate the system in the NPT ensemble
for 75 ns using a timestep of 4 fs. The same
velocity rescaling thermostat?? and a Berend-
sen barostat?! are used. The energies and the
density converge after around 50 ns, the den-
sity of the dry gecko keratin converges to a
value of p = 1269.6 % 3.1 kgm™3, the density
of the wet gecko keratin (plus water) reaches
p=1281.8 £1.2kgm™.

6 Simulations to compute
mechanical bulk charac-
teristics

Production runs to calculate the Young’s modu-
lus are performed in three-dimensional (3D) pe-
riodic boundary conditions (PBC) using a time
step of 2 fs. A velocity rescale thermostat??
is used to keep the systems at 300 K, and a
semi-isotropic Berendsen barostat?! is used to
keep the system at 1 bar. The time constant
of coupling the temperature is 70 = 0.1 ps.
The barostat coupling time is 7, = 0.5 ps.
We use a compressibility of 4.5 - 107 bar~!
in x and v and a compressibility of 0 bar~!
in z, similar to previous work?*24. The baro-
stat therefore only allows size fluctuations in
the x and y directions. The system is uniformly
scaled in the z direction with a straining rate of
0.00001 nmps~ = 1.0 mms~!. For each of the
five independently generated systems, five non-
equilibrium production runs are simulated, in
total 25 stress-strain realizations. The Young’s
modulus is calculated with a linear fit to the
first 1% strain. Poisson’s ratio is calculated us-
ing equilibrium runs at strains 1% to 5% (i.e.
scaling the system and subsequent production
runs at these strains). The Poisson’s ratio we
discuss is the average Poisson’s ratio over all
five strains. Simulations to calculate the Pois-
son’s ratio are done in 3D PBC and are run for
100 ns, properties converge not later than 50 ns
and the last 25 ns are used for analysis.

7 Non-equilibrium pull-off
simulations

The center of mass of the top half of the keratin
Zcowm 1s connected to a virtual cantilever via a
harmonic spring (kpui = 500 kJ nm’2), mim-
icking atomic force microscopy (AFM) experi-
ments. During pull-off, the position of the vir-
tual cantilever is moved with constant velocity
in the normal direction away from the surface?*.
The force experienced by the top half keratin
is Fpun = kpun(vt — 2(t)) with v the constant
pulling velocity, ¢ the time and z(t) the actual
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position of the center of mass of the top half
keratin.?® When the pull force gets larger than
the force with which the keratin is attached to
the surface, the keratin detaches. The maxi-
mum force needed to detach the keratin is called
pull-off force F', and its negative is the adhesion
force. We applied Gaussian smoothing with a
kernel width of 0.1 nm to the force profiles, as
we have done previously?*, inspired by Sheridan
et al.?.

We divide the pull-off force F' by the sur-
face area A, which is slightly different between
the five independently generated systems af-
ter equilibration. The resulting pull-off pres-
sure p is multiplied with the mean surface area
({A) = 45 nm?) of all systems to get an aver-
aged pull-off force F™.

We simulate 10 pull-off runs for seven differ-
ent loading rates (different pulling velocities v)
for all five systems, resulting in 350 pull-off runs
for each of the 5 different scenarios, summing up
to 1750 non-equilibrium pulling simulations in
total. Averages at one loading rate are taken
over 50 realizations of the pull-off pathway the
gecko keratin takes when it is detached from
the surface. The theoretical?® loading rates
Fiheo = kpuv range from 1.66 - 10" pNs~! to
8.3 - 10" pNs~t. To calculate the effective?
loading rates F, the Gaussian smoothed force
profiles are used to fit a linear function from the
beginning ¢ = 0 ns until 50% of the time neces-
sary to reach detachment (force maximum).

8 Equilibration of gecko
keratin on the surface

The non-equilibrium pull-off simulations are
run in two-dimensional (2D) periodic bound-
ary conditions, in contrast to the simulations
that are used to calculate the Young’s modulus
and Poisson’s ratio, which need to be performed
in 3D PBC to accurately simulate bulk behav-
ior. In 2D PBC, the surface and the keratin
are semi-infinite parallel to the surface. They
are periodic with a finite volume. All simula-
tions that include the surface are in the NVT
ensemble.

Pressure is a thermodynamic equilibrium

property, and its instantaneous value fluctuates
strongly (Root mean square deviation of the
pressure for the dry keratin is at around 300
to 400 bar). Therefore, we should not pick the
last step in the NPT equilibration trajectory,
but we should carefully choose a configuration
where the instantaneous pressure is close to 1
bar. However, since pressure fluctuations are
large, the probability of finding configurations
in a equilibration trajectory which fulfills two
necessities, long enough equilibration time and
an instantaneous pressure of 1 bar, is low. Nev-
ertheless, the volume is much less affected by
pressure fluctuations since most pressure fluctu-
ations are due to inter-atomic forces. Therefore
we are using a configuration where the volume
of the trajectory step (frame) is closest to the
volume average of the last ~ 20% of the NPT
equilibration.

The x and y box dimensions of the cho-
sen frame are used for generating the generic
surface. We insert the generated surface and
the chosen keratin equilibration frame into the
same simulation box. If water should be present
on a "wet surface”, we additionally add a layer
of water above the surface (a slice of NPT equi-
librated bulk water of 0.2 nm thickness). The
keratin is inserted with a minimum distance
between the surface and the gecko keratin of
1.0 nm. The equation of motion for all surface
beads are not computed, therefore the beads do
not move during the simulation. They function
as a space-fixed external potential in the vapor
phase surrounding the keratin, as we have done
in previous work.?*

To forbid water molecules to leave the simu-
lation box, we insert two Lennard-Jones walls
at the bottom z = 0 nm and top max(z) of the
simulation cell, with a interaction type of CH2.
In GROMACS these walls also allow the pull-
off in z-direction without being affected by the
center-of-mass motion removal. Without walls,
the center-of-mass motion removal treatment in
GROMACS leads to an effective friction and
strongly affects the pull-off force.
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Figure S5: (A) Force profile of dry gecko ker-
atin pull-off. At the start of the simulation (af-
ter preloading and relaxation runs), the keratin
is already attached to the surface. Hence, no
jump-in event like in atomic force microscopy
occurs. The keratin is then pulled off with a
loading rate of Fipeo = 1.66 - 10'2 pNs~'. The
force on the harmonic spring F,u is plotted
against the time ¢. After smoothing the raw
force (transparent blue) with a Gaussian kernel
with a width respective of 0.1 nm in the posi-
tion domain, the resulting smoothed force pro-
file (blue) is used to extract the maximum force
during pull-off. (B) Dynamic force spectrum for
the normalized pull-off force F" of keratin pull-
off from hydrophobic (PHOB) and hydrophilic
(PHIL) surfaces against the loading rate F. For
each surface chemistry, dry and wet keratin are
first attached and then pulled off, as done previ-
ously?!. Each data point presented is the maxi-
mum force extracted from an individual pulling
simulation??, illustrated in (A). Solid lines show
the fit to the Bell+friction model, and dashed
lines show the mean rupture force predicted by
the BSK model. Model parameters are summa-
rized in Supplementary Table S2.
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Figure S6: The ratio of pull-off forces to the
pull-off force of dry keratin from a dry hy-
drophobic surface F/FLM shows the relative
increase due to surface chemistry and water
content.
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Table S2: Model parameters after performing fits of the Bell+friction model and the BSK model
to the dynamic force spectra. The Bell+friction model? 2", F = yv + ﬁln(%{?wb), with F
being the pull-off force, x;, the distance to the potential barrier and « the friction coefficient and
ko the dissociation rate at equilibrium loading rates, was fitted by running a simulated annealing
optimization routine (with 1 million steps) parallel 2000 times, randomly selecting 90% of the data
points, to operate on. The most frequently found (after rounding to the fourth decimal point)
parameter combinations (xPell] 4Bl kBell) are used as the most probable model parameters. The
BSK model?® with z; the distance to the transition state, D the diffusivity, and AG the activation
energy is fitted using global maximum-likelihood estimation. Global means here, that the pull-
off force distributions at all 7 loading rates are used simultaneously to fit the BSK distribution.
500 million randomly created model parameter combinations (zP5X, DBSK AGBSK) are tested, the
parameter combinations with the highest likelihoods are selected and the local space surrounding
each parameter combination is tested again one thousand times. We found that this brute force
procedure gives higher likelihoods than using more advanced global optimization algorithms, like
chained simulated annealing with local optimizers or the more modern, simplicial homology global
optimization?. Since both models assume a one-dimensional potential barrier during pull-off and
we have shown in the main text that many processes take place simultaneously, thus, a more

complex energy landscape should be expected, the fits are poor and not used to draw conclusions.

System Z‘Ee“ ,yBell k(])Bell II]JBSK DBSK AGBSK

(nm) (kJpsmol™'nm™2)  (ps7?!) (nm)  (nm?)  (kgT)

PHOB dry 0.3494 7367 1.6-1073* 0.0170 2.6-10% 43
PHOB wet  0.1028 8055 6.3-107%  0.0153 1.7-10Y 44
wPHOB wet  0.0325 5914 1.0-107'°  0.0086 1.3-10%! 48
PHIL dry  0.0110 3842 1.0-1071 0.0102 8.9-10% 41
PHIL wet  0.0202 27331 2.0-10720  0.0423 3.6-10° 52
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Figure S7: (A) The charge density of keratin in all five scenarios normal to the surface z. The
standard deviation o of the charge density is calculated between 2.44 nm and 6 nm and is a
measure for the amplitude of the charge fluctuations. The standard deviation for the scenarios
is as follows: o(PHOBdry) = 0.2 e nm—3, o(PHOBwet) = 0.17 e nm 3, o(wPHOBwet) = 0.23 e
nm~?, o(PHILdry) = 0.32 e nm ™3, and o(PHILwet) = 0.31 e nm 3. The vertical cyan line denotes
where the surface density is half its bulk value at z = 2.44 nm. The range of the Lennard-Jones
interaction (1.4 nm) from the surface into the keratin is shown as a vertical dashed black line at
z = 4.15 nm. Values are averaged over the last 55 ns of the relaxation runs (80 ns long) of five
independently generated systems. The standard deviation of the mean is used as the error. The
binwidth is 0.01 nm. (B) The standard deviation of the charge density calculated between 2.44 nm
and 6 nm as a function of binwidth. When the binwidth is smaller than one-fifth of a chemical
bond (< 0.1 nm) o converges.
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9 Protein-backbone dy-
namics near the interface

We define the interface as the first layer of
amino acids closest to the surface, i.e., a mono-
layer of amino acids. Additionally, we define
the backbone vector between atom N; and C,;
of an amino acid (Figure S1). We calculate the
autocorrelation functions of interface backbone
vector orientations. When the autocorrelation
function decays to zero, the orientation of the
backbone is no longer correlated with its previ-
ous orientation. We call this time the decorre-
lation time 7.

A histogram of decorrelation times 7 (Fig-
ure S8) reveals that 7 follows a power-law dis-
tribution. During preload (80 ns long simula-
tion), the mobility of the amino acid segments
reduces. Around 20-30% of backbone correla-
tions decay in less than 400 ps (Figure S8 (A),
inset). During relaxation (80 ns long), the mo-
bility increases compared to the preload (Fig-
ure S8 (B)). The number of very mobile amino
acids increases to around 40-60% (inset). Very
few backbone orientations are stable, meaning
that p(7) decays rapidly, and a minimal num-
ber of backbone correlations exist longer than
20 ns. During preload, the power-law exponent
is much smaller than in the relaxation phase,
implying dampened dynamics during preload-
ing of the keratin against a surface.

The mobility of the amino acid segments at
the surface-keratin interface monolayer during
both preload (with an applied external pres-
sure of 0.4 pN nm~2) and relaxation depends
to a small degree on water content and surface
chemistry. The hydrophilic surface dampens
the keratin-interface mobility, with the power-
law exponent decreasing from o = 1.8 to 1.6
from PHOB dry to PHIL dry scenarios (Figure
S8 (B)). With « < 1.4 in wet scenarios, water
has an even stronger dampening effect on the
mobility of amino acid segments.

Dampened amino acid mobility at the
keratin-surface interface may be the reason
for the inhibition of fluctuations of the aver-
age position above the surface. The reduction
in the here discussed power-law exponent also

11

suggests that, in wet and hydrophilic situa-
tions, the amino acids form stronger energetic
interactions with the surface, which oppose
detachment, increasing spatula adhesion.
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Figure S8: The probability of amino acid segmental decorrelation times 7 during preload (80 ns
long) (A) and relaxation (80 ns long) (B). The decorrelation time is defined here as the decay of the
autocorrelation function of the vector between atom N; and C,; of an amino acid (Supplementary
Figure S1) at the keratin-surface interface (closest monolayer of amino acids). Shown are the average
distributions between all five independent systems for all five scenarios (in total 25 systems), and
the standard deviation of the mean is used as the error. We fit with a power-law p = b - 7*. The
power-law exponent « is denoted in the legend. The fit for the PHOB wet scenario (green) is shown
in black. The inset shows the data with a linear scale between 0 to 4 ns.

Table S3: The work performed on the system until the keratin is pulled off (L = 0 nm) decomposed
into its contributions. The top rows summarize the work related to Lennard-Jones (LJ) type
interactions and the bottom rows Coulomb (Cl) type contributions. Thermodynamically, negative
energetic contributions favor a process and positive contributions oppose a process. Values are in

units of kJ mol~! nm~2.

PHOB PHOB PHOB PHIL PHIL
LJ Type de Wwd Www de Www

W-K 0.0 -0.18 0.06 0.0 6.24
W-W 0.0 -0.1 -1.41 0.0 -4.89
K-S 1.24 1.07 3.18 4.93 9.05
W-S 0.0 0.05 0.8 0.0 0.32
K-K -1.03 0.04 1.39 16.82  15.27
Cl Type WLHOB W“IZ?OB Wvl‘-]"}v{OB Wdl::iHIL WVI:JVHL
W-K 0.0 -0.14 -1.9 0.0 26.71
W-W 0.0 -0.53 4.14 0.0 10.85
K-S 0.0 0.0 0.0 8.8 10.5
W-S 0.0 0.0 0.0 0.0 -11.89
K-K 5.36 2.09 2.65 7.89 4.22
12
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3.3 Gecko Adhesion on Flat and Rough Surfaces: Simulations
with a Multi-Scale Molecular Model

Reproduced with permission from Materzok et al. [Small 2022, 18, 2201674] Copyright 2022
Wiley.
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Gecko Adhesion on Flat and Rough Surfaces: Simulations

with a Multi-Scale Molecular Model

Tobias Materzok,* Danna De Boer, Stanislav Gorb, and Florian Miiller-Plathe

A multiscale modeling approach is used to develop a particle-based mes-
oscale gecko spatula model that is able to link atomistic simulations and
mesoscale (0.44 pm) simulations. It is used to study the detachment of
spatulae from flat as well as nanostructured surfaces. The spatula model is
based on microscopical information about spatulae structure and on atom-
istic molecular simulation results. Target properties for the coarse-graining
result from a united-atom model of gecko keratin in periodic boundary
conditions (PBC), previously developed by the authors. Pull-off forces
necessary to detach gecko keratin under 2D PBC parallel to the surface are

previously overestimated when only a small region of a spatula is examined.

It is shown here that this is due to the restricted geometry (i.e., missing
peel-off mode) and not model parameters. The spatula model peels off
when pulled away from a surface, both in the molecular picture of the pull-off
process and in the force-extension curve of non-equilibrium simulations
mimicking single-spatula detachment studied with atomic force microscopy
equipment. The force field and spatula model can reproduce experimental
pull-off forces. Inspired by experimental results, the underlying mechanism
that causes pull-off forces to be at a minimum on surfaces of varying rough-
nesses is also investigated. A clear sigmoidal increase in the pull-off force
of spatulae with surface roughness shows that adhesion is determined by
the ratio between spatula pad area and the area between surface peaks.
Experiments showed a correlation with root-mean-square roughness of the
surface, but the results of this work indicate that this is not a causality but
depends on the area accessible.

1. Introduction

The influence of surface roughness on
the gecko adhesion has been previously
studied on the nanoscale using atomic
force microscopy (AFM) and on the mac-
roscale in behavioral experiments with
freely moving geckos.l!! Experimental data
on the force necessary to pull off single
spatulae from hard rough substrates and
behavioral observations on living gecko
clinging to various surfaces show that
the effective adhesion experiences a min-
imum in root-mean-square roughness
(RMS, R,) from 100 to 300 nm." This
means that geckos can perform well on
smooth substrates and those containing
roughness values higher than the charac-
teristic dimension of the terminal contact
elements of the foot (so-called spatulae).
Similar results on the geometrical rela-
tionships between spatula size, pull-off
force and substrate roughness have been
previously demonstrated for insects?) and
spiderst®! and supported by a relatively
simple but elegant macroscale numerical
model.

At the end, gecko feet have thousands
of mesoscale (=0.1-0.5 um) spatulae that
allow geckos to stick to surfaces of varying
chemistry, humidity,>® and roughness.[!
Both experimental™” 3l and computa-
tional(>®1] researches have attempted to
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understand gecko adhesion mechanisms. While much remains
to be learned, the present article offers a step forward in this
field with the first molecular dynamics (MD) simulations of a
multiscale model of a whole spatula in contact with surfaces at
different roughness.

Our previous investigations of gecko adhesion using MD
were done on the coarse-grained (CG) P! and united-atom
(UA)! level of molecular resolution. The model with the most
detailed level of atomic resolution is UA, where apolar hydro-
gens are incorporated with their parent carbon atoms into
single interaction sites (so-called “UAs”). With that model,
we explained gecko adhesion in different scenarios (wet and
dry, hydrophobic, and hydrophilic surfaces) on the molecular
level. Our CG gecko keratin model treated entire amino acids
of the amorphous region!'® as single bead and mapped the
entire characteristic beta-sheet folding domain into another,
larger single CG bead. With the CG model, we were able to

© 2022 The Authors. Small published by Wiley-VCH GmbH
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understand the effect of water at the hydrophobic surface.
Lastly, the mesoscale model of this work uses a coarse-graining
procedure to map five whole gecko keratin molecules to a
single bead to allow the simulation of a whole spatula. Since, in
every coarse-graining step, we pass information from the more-
detailed finer-grained model to the coarser model, the current
mesoscale model is informed by the deepest level of atomic
resolution currently available.

The initial main objective of this work was to investigate the
relationship between the pull-off of a semi-infinite (periodic in
one or more dimensions) spatula material (gecko keratin) flat-
on-flat and the pull-off of a macroscopic spatula. Pull-off forces
necessary to detach semi-infinite gecko keratin in 2D periodic
boundary conditions (PBC) in MD were orders of magnitude
larger than experimental pull-off forces of gecko spatulae when
the adhesive spatula pad area is taken into account.>® Our
main hypothesis is that this discrepancy is not due to model
parameterization. It is rather an artifact, which exists because
periodic semi-infinite systems cannot describe the peeling-off
process prevalent in the macroscopic detachment of gecko spat-
ulae (and adhesive tapes).

Since MD simulations at the UA or CG scale cannot, with
current computational power, simulate a whole gecko spatula,
we chose to do a multiscale parameterization of a particle-
based mesoscale gecko keratin model that reproduces pull-
off pressure, Young's modulus, and Poisson’s ratio of the UA
reference model (GROMOS 54A7 force field-20)). We then
applied the resulting force field of the mesoscale keratin mate-
rial to describe an entire spatula. We use the MD software
GROMACSPY to allow direct comparison of both®® other
molecular simulations of gecko adhesion.

Besides the ability to make straightforward comparisons
between the mesoscale model and the UA and CG models
of gecko keratin, using MD instead of finite element method
(FEM), where a meshed representation that follows constitutive
laws defines material properties, has multiple advantages: i) the
system’s behavior comes naturally from particle interactions
instead of constitutive laws; thus any process that we may not
initially have thought about is allowed to happen naturally by
attractive and repulsive forces; ii) constitutive laws do not need
to be defined a priori, which could possibly miss critical pro-
cesses or simplify things too much; iii) a spatula is still small
enough to be a statistical-mechanical system and for entropic
kinetic energy-related fluctuations to influence the behavior at
interfaces. They are absent in FEM but have significant contri-
butions in force probe molecular dynamics.??!

2. Model Construction and Parameterization
2.1. Bulk Keratin Material Model

Gecko setae and spatulae are primarily made up of beta ker-
atin proteins.?*?4 They form dimers and dimers accumulate to
form fibrils.['¢2325] The fibrils are thought to start at the prox-
imal ends of setae and yield spatula at their distal ends.*”! In
the setae, before branching off, the fibril regions are embedded
in a soft matrix. After a seta branches into around one thou-
sand individual spatulae, the matrix material decreases and
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the spatulae are mostly made up of fibrillar regions with aniso-
tropic elasticity.02% We regard the gecko keratin material as a
fiber-reinforced elastomer but do not explicitly model fibers and
amorphous surroundings.’l Instead, we use angle-dependent
bond potentials between particles to model the anisotropic
material characteristics of such a fiber-reinforced elastomer.

The fibrillar structure significantly contributes to mechanical
properties, i.e., Young’s Modulus E and Poisson’s ratio v.1 The
spatula model must correctly describe the anisotropy arising
from it. Our spatula model consists of very coarse-grained
beads that incorporate about five keratin molecules. To this end,
we introduce bead-bead harmonic bonds V(r)=K /2x (r—b,)’
with an anisotropic bond force constant K and the equilibrium
distance by. The anisotropic force constant becomes stronger
as the direction of a bond aligns to the direction of the fibrils
according to the equation:

K=k+k,x|cos0| 1

where k is the isotropic part of the force constant assigned to
every bond, k; is an additional force constant in the fibril direc-
tion, and 6 is the angle between the bond vector and the fibril
direction. Hence, each bond in our model has an individual
anisotropic bond constant depending on its angle towards the
fibril direction in the initial structure. For the parameteriza-
tion of k and kj, see Section 2.4. Once assigned, the value of K
remains unchanged.

To generate the basic periodic keratin model (“bulk
keratin”), a box is randomly filled with beads at a number den-
sity of 0.012 nm™ such that beads are a minimum of 2.8 nm
apart from one another. The typical density of dry keratin
p =13 g cm™ matches with the UA model of our previous
work.ll Using 1.3 g cm™ as the target mass density, the bead
number density of 0.012 nm™ and the volume, the mapping
scheme can be estimated: one bead accounts for 65 kD, a
gecko keratin dimer for 22 kD; therefore our beads map the
mass of five molecules (2.5 dimers). To model a highly cross-
linked elastomer-like system similarl®!®l to gecko keratin, each
bead is assigned harmonic bonds to its closest 30 neighboring
beads. This connectivity is sufficient to make the real-scale
spatula stiff enough and stop the system from collapsing.
There is no excluded volume in the keratin-keratin interac-
tions. For more than 10 bonds per bead, the system’s volume
remains essentially constant, with a volume drift of —30 nm?
in a system of total size 21600 nm?, see Figure S1A (Sup-
porting Information).

The bond assignment algorithm does mean that some
beads will have more than 30 bonds in total, depending on
their environment. For each individual bond, we use the ini-
tial bead-bead distance as the equilibrium bond length b,. This
maintains the spatula shape when going from a quasi 0 K
system to 300 K under the influence of an external potential
(e.g., an attractive surface and a force detaching the spatula).
The minimum system size required to prevent finite-size
effects and to converge Young's modulus is a system of size
60 x 60 x 60 nm?* (Figure S1B, Supporting Information). For
each simulation sample, a different bulk material configura-
tion is generated randomly. Thus, all starting configurations
are independent.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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2.2. Spatula Model

The spatula model is created the same way as the bulk keratin
model. The main difference is that the target volume into
which beads are inserted is not a box but rather a realistic
spatula shape. We used a scanning electron microscopy image
from Xu et al.l?l and transferred the outline of the imaged
spatula into a two-dimensional coordinate system. We cleaned
up these coordinates since the image was not taken from an
orthographic perspective and was not aligned to an optical axis.
The resulting polygon is the outline in the x,y plane of a flat-
tened spatula from a top-down perspective. Beads filled into
this outline can be seen in Figure 1 (Top) (the bond network
is visible in Figure S2, Supporting Information ). The polygon
vertices are listed in Table S1 (Supporting Information). To gen-
erate different thicknesses in the z direction depending on the
distance to the setae proximal end, i.e., distance to the spatula
tip, we use two functions to follow the height of the spatula and
insert beads only in between these two functions:

Ziop :(%—r)/xs Xx+r
)

z)
Zhottom =(—711 + r)/xs Xx—r

with z;, = 20 nm the height of the spatula pad,®”! x, the point
between the shaft haft and the spatula pad, which is located at
65% the length of the spatula in x direction I, X 0.65 and x =0
being located at the spatula haft face (extent and naming of dif-
ferent regions of the spatula can be found in Table S2, Sup-
porting Information). The shaft haft side length in z and y is
r=50 nm (see Figure 1), a value comparable to the radius used
in FEM models.>?¢l The (virtual) fibril direction goes from the
shaft haft to the spatula pad tip, which is in the x direction in
the initial setup. After bending (as described later), we generate
the (virtual) fibrils again following the curvature, going from
spatula haft to spatula pad tip by using a local orientation field

Xs
To
£ P '
c
YT SI ly =175 nm
I
I
I
x = 440
- Bottom s
2| 3| R Es—T -, 20
I Y
= R ———
X

Figure 1. (Top) The top-viewing perspective of the spatula. The area of
the spatula pad is Ag, = 19880 nm?. (Bottom) The shape of the spatula
from its side is inspired by the finite element model of Sauer et al.l® and
the finite element calculations of Xu et al.l?%! Keratin beads are colored in
green, and we superimpose the green colored beads with named areas
used throughout this work. Colors are illustrative and do not mean that
properties differ between them. From left to right: spatula shaft haft
(grey), joint (purple), and spatula pad (blue), which in this representa-
tion is overlaid by spatula tip (red). Table S2 (Supporting Information)
summarizes these areas with the exact numerical values.
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instead of the x direction. For each simulation sample, a new
system is generated from scratch. In total, we simulate 10 spat-
ulae, each having an independent starting configuration.

2.3. Surface Model

The surface is generated much like the bulk keratin model
(Section 2.1). It has the same random arrangement of beads
and the same bead density. For details, see Section S1 (Sup-
porting Information). In total, we investigate eight peak densi-
ties Ppear in which the total number of peaks per surface area
ranges from 15.76 to 394.12 um™ (in addition to the perfectly
flat surface with ppey = 0 um™). In Figure 2, two such surfaces
are shown.

We expect a surface representing an oxide mineral (e.g.,
the amorphous silica substrate of Huber et al.®l that is used
in the UA model of gecko keratinl®)) to not be able to deform.
Such a surface is orders of magnitude stiffer than keratin, so
we decided to make our surface completely rigid. Hence, we
do not calculate interactions between surface beads and do not
integrate the equation of motion for surface beads, effectively
creating a space-fixed attractive external potential.

2.4. Parameterization of the Anisotropic Bonded Interactions of
the Mesoscale Keratin Force Field

Experimental results have reported Young's moduli at a
low of 1.2 GPa from nanoindentation tests and a high of
7.3 + 1.0 GPa from in situ tensile tests.”’) Humidity also affects
the elasticity of setal keratin, as 30% relative humidity produces
E=3.2+0.2 GPa and 80% relative humidity 2.2 + 0.2 GPa.l?*l
A previous computational model found absolutely dry seta
keratin to have a E = 9.2 GPa.l'¥ The target Young’s modulus
of 45 GPa for our spatula model is, thus, well within the
range of experimental values and was set to reproduce the

Figure 2. Two different surfaces are shown with increasing peak density
(left Ppea = 15.76 um~2 and right Ppeay = 39.41 um2). Beads are colored
according to their height. For easier comprehension, the surfaces
are not phase-shifted. In reality, depending on phase shift, the center
of the surface (where the spatula attaches), could present anything
between a valley and a peak. The height between the peak and valley is
16 nm for all surfaces, resulting in a root-mean-squared roughness of

R,y = %Z(zm —{Zyy) =4 nm with z,, the surface profile.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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UA model of gecko keratin.l®) Existing literature on setae/
spatulae keratin simply assumes a Poisson’s ratio of v =0.2,”
0.4, or 0.5.2% With our UA keratin model,®) we calculated
the Poisson’s ratio to be v = 0.4 in the absolute dry state.
Here, bond coefficients were tuned to yield E = 4.5 GPa and
v = 0.4. The result of a wide range of combinations of k and
ky, (Equation (2)) is shown in Figure S3 (Supporting Informa-
tion), and details about the method are summarized in Sec-
tion S2 (Supporting Information). The best fit to our UA
target properties of E = 4.5 GPa and v = 0.4 is accomplished
by k, = 1220 k] mol™ nm™ and k = 226 k] mol™! nm? (green
symbol in Figure S3, Supporting Information), which results in
E = 4518 + 0.036 GPa and v = 0.401 + 0.002. Therefore, the
mechanical properties of our model agree well with the above
discussed experimental measurements.

2.5. Parameterization of the Nonbonded Interactions of the
Mesoscale Keratin Force Field

We use force probe molecular dynamics (FPMD), as we have
done in previous work.>®l We use FPMD to find the necessary
size of the bulk keratin material for pull-off simulations and
then to parameterize the nonbonded force field parameters for
spatula-surface interactions. Details can be found in Section 3.
The maximum force necessary to separate the bulk keratin
system from the surface, called the pull-off force F,y, is aver-
aged over ten independently generated systems. To make the
pull-off force intensive, we normalize it with the surface contact
area, thereby calculating the pull-off pressures p.

With a mesoscale keratin material of height 20 and 90 nm
box dimensions, the dimensions parallel to the surface (in
Section S3 (Supporting information), we explain how we chose
the box dimensions), the € and o values for a 12-6 Lennard—
Jones (LJ) potential are parameterized against UA pulling
results.[) The UA model was, like the mesoscale keratin mate-
rial used for the nonbonded parameterization, periodic in the
directions parallel to the surface. For details about the UA
model, see Section S4 (Supporting Information). Its force field
was the GROMOS 54A7 FF.[V=20] Tt was made up of an amor-
phized gecko beta-keratin protein Ge-cprp-9, from which only
the intrinsically disordered parts of the protein were consid-
ered. It was assumed that the disordered section of the protein
is the part that is in contact with the surface and responsible
for the adhesive interaction between spatula and surface.l®! The
virtual cantilever is linked to the top half of the keratin in both
the UA model and in the bulk keratin mesoscale model of this
work, see Figure 4 (red). We will come back to this in the com-
putational details (Section 3).

At a loading rate of F = 1.66 x 10'> pN s, the average pull-
off pressure of the UA model on top of a flat hydrophobic sur-
face was p = 12.92 £ 5.3 k] mol™* nm™3 (21.45 £ 8.85 pN nm™2).
Comparable pull-off pressures were found in previous coarse-
grained work.’) The hydrophobic surface model was a space-
fixed flat surface of =3 nm height made up of GROMOS CH2
beads at a density of 20 nm~, which had a water contact angle
of 6, =111.3°.

This UA pulling pressure is the target against which we
optimize the keratin-surface L] parameters of the mesoscale
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Figure 3. Pull-off pressure as a function of Lennard—Jones (L)) € for the
bulk keratin systems pulled off a hydrophobic surface with nonbonded L)
parameters o at 3.5 nm (blue) or 4.0 nm (red). The periodic box dimen-
sions are 90 nm x 90 nm and the force field parameters used for this
validation are k = 226 k] mol™ nm=2 and k, = 1220 k) mol™ nm=2. The
average is computed from 10 independent samples, and the standard
deviation of the mean is used as the error.

model of this work, running pulling simulations for each para-
meter combination. The coarse-grained pull-off pressure are
shown in Figure 3. For the production calculations, we use
0 =4.0 nm and € = 610 k] mol™ for nonbonded interactions,
which give the ratio of mesoscale and atomistic pull-off pres-
sures p/p"* = 1.004. Finally, we recall that nonbonded interac-
tions exist only between the keratin and the surface. Interac-
tions within the keratin are exclusively modeled as a network of
harmonic bonds.

3. Computational Details

General simulation details can be found in Section S5 (Sup-
porting Information), those concerning the mesoscale ker-
atin material simulations (with PBC) are summarized in
Section S5.1 and Section S5.2 (Supporting Information).

The mesoscale spatula is prepared in six steps; for details,
see Section S6 (Supporting Information). After the first 4 steps,
the final preparation, which involves pulling, is broken into two
parts, as was donel by Sauer et al. The spatula shaft is first

Figure 4. The mesoscale keratin material (green) used in the non-
bonded parameterization on top of a flat surface (cyan) of dimensions
90 nm x 90 nm. The system is periodic in the two dimensions parallel to
the surface. The surface height is 13 nm and the bulk material is 20 nm
thick. Highlighted in red is the top-half of the bulk keratin. The center-of-
mass of the top-half is connected to a virtual cantilever.
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bent upwards so that it has an inclination of some degree to the
surface (step 5), equilibrated at this point. Then the equilibrated
spatula configuration is pulled vertically at the shaft haft off the
surface (step 6).

Equilibrium configurations are extracted from the trajec-
tory at spatula inclinations of 6 = 45, 60, and 75°, as shown
in Figure 5, which are the same configurations as examined by
Sauer et al.™ The spatula inclination 6s is the angle between
the vector pointing from the joint to the shaft haft and the
vector parallel to the surface, with the joint being at I, x 0.35 to
I, % 0.4, as shown in Figure 1B in purple.

Although it is unknown what exact spatula inclination exists
in nature, some inclination can be assumed from experimental
imaging,***l so we reset the bond network of the extracted
configurations and regenerate all anisotropic bonds using the
local fibril direction. The local fibril direction is calculated with
a spline fit through the averaged positions of beads in the plane
dissecting the spatula and normal to the surface. In essence, a
local orientation field is used to calculate the bond angle, with
the center between two connected beads as the bond position.
Reapplying the bond assignment algorithm changes the equi-
librium shape of the spatula to that of the target inclination.
These shapes at 05 = 45°, 60°, and 75° are the final equilibrium
configurations of the spatulae that are used in the pull-off sim-
ulations, similar to the previous investigation by Sauer et al.*”

For calculations involving a rough surface, the inclined spat-
ulae (only 0 = 45° is used) are placed on top of a surface with
different peak densities. In the preload step (an applied external
pressure of 0.2553 kJ mol™ nm™ or 0.4 pN nm™, corre-
sponding to a force of 5076 k] mol™ nm™ in case of the full-size
spatula, we remember the spatula pad area is Ag, = 19880 nm?)
is applied for 600 ns. Subsequently, the system is relaxed for
500 ns with no applied force. These are times sufficient to con-
verge the distance between spatula and surface completely.

In the final pull-off simulation, the spatula is pulled away
from the surface by linking the center of mass of the spatula
shaft haft (Figure 1, grey) to a virtual cantilever (with the har-
monic force constant kyy = 1000 k] mol™ nm™?) and moving
the virtual cantilever at a constant pulling velocity away from the
surface. The pulling velocities of the cantilever result in loading
rates F = 16.6 x 102 pN s7%, 1.66 x 102 pN 57, 0.83 x 102 pN s°!
and 0.332 x 1022 pN s7L.

To summarize all steps of the entire spatula pull-off pro-
cess and simulation: i) generate the spatula and create bonds;
ii) preload the spatula pad against the flat surface; iii) relax the

45°
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system; iv) move the spatula shaft haft COM 20 nm upwards; v)
bend the spatula upwards by applying force normal to the shaft;
vi) extract configurations with defined spatula inclinations and
recreate the bond network; vii) pull the spatula vertically off the
surface by the shaft haft COM.

Additionally, we simulate spatula detachment from rough
surfaces using the resulting spatula configuration from step (vi).
To summarize the simulations involving a rough surface: (viii)
preload the spatula for 600 ns against the rough surface; (ix)
relax the system; (x) pull the spatula off the rough surface.

There are effectively no periodic boundary conditions. The
static surface has an area of 356 x 356 nm? The surface and
spatula are surrounded by vacuum. All spatula detachment
simulations are done in the NVT ensemble with a thermostat
keeping the temperature constant at 300 K. As for the detach-
ment simulation of periodic mesoscale keratin material, the
preload step uses a SD thermostatl* with 7 = 1 ps; the relax-
ation step uses SD with 7y = 10 ps; and all other steps use a
velocity rescaling thermostat** with 7. =1 ps.

4. Results and Discussion

4.1. Spatula Detachment with Varying Loading Rates at 45°
Inclination

By comparing the pull force against the time of periodic mes-
oscale keratin material in Figure G6A to the spatula pull-off
(Figure 6B) (with milestones denoted by vertical lines and the
corresponding times), it is clear that the pull-off proceeds dif-
ferently. In the case of the periodic material, the force (here
shown as pressure) increases linearly with time until a max-
imum is reached. This pull-off force (also called critical force
or rupture force) is then overcome, and the material detaches
quickly, as can be seen in the displacement of the center of
mass of the top-half of the keratin-sheet (red). For the spatula
(Figure 6B), the force does not increase linearly but changes in
slope. At the peak of the force curve (139-156 ns for a loading
rate of 1.66 X 10" pN s7), the maximum is not sharply defined
but stretches over a time period (and displacement range).
This behavior is only seen with the spatula shape because
the spatula pad is peeled-off by delamination (see Figure 7
139-156 ns). After reaching the critical force needed to detach
the spatula from the surface, the force oscillates around zero (at
t > 160 ns). However, the oscillation is less distinctly harmonic

[y

60° 75°

Figure 5. Equilibrium configurations of spatulae at different inclinations. The spatula inclination 6s is defined as the angle between spatula shaft haft,

joint and surface, as illustrated in the figure with black vectors.
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Figure 6. A) Pull-off of the bulk keratin material from a flat surface at a loading rate of F =1.66 x 10'2 pN s™'. The pull-off pressure is shown in blue,
and the displacement of the shaft position is shown in red, with "Top-half COM” denoting the center of mass (COM) of the top half of the bulk keratin
and "Shaft COM” the COM of the shaft haft. After detachment (around t =100 ns), the material is quickly pulled up (red) away from the surface and
oscillates around the virtual cantilever (red line oscillations at t > 100 ns), resulting in oscillations in the force. B) Pull-off force of a spatula (inclination

05 = 45°) from a fixed flat surface at a loading rate of 1.66 x 10'2 pN s™'. For illustrative purposes, one single trajectory is shown (n=1).

compared to the periodic mesoscale keratin material since the
spatula geometry allows other motions (e.g., wiggling) in addi-
tion to vertical oscillations of its center of mass (See Movie S1,
Supporting Information).

The pull-off force and pull-off pressure (i.e., their respective
maximum values) have been observed to be proportional to
the logarithm of the loading rate,’®l as F, ~ log(F). To inves-
tigate this dependence in more detail in our work, Figure 8A
shows the dynamic force spectrum where each data point is
the average over 10 independent spatula systems. At the lowest
loading rate, the pull-off force needed to detach the spatula
from the surface is =35 nN. This value increases with the
loading rate. At F=16.6x10" pN s7, it reaches 60 nN. Loading
rates in the order of 10" pN s are not accessible by experi-
ments, with the fastest atomic force microscopy (AFM) experi-
mental loading rates* only reaching orders of 10% pN s7..

With a smaller spatula that consists of fewer beads, lower
loading rates are computationally accessible. We, therefore,
scale down the mesoscale spatula to 70% of its original size
to reduce the number of particles and allow longer simulation
times. To give an idea about trends at lower loading rates, in
Figure 8B, the pull-off pressure p of our full-size spatula model
is displayed together with that for a smaller spatula. It shows
a systematic difference between different sized spatulae. This
difference exists not only for the pull-off pressure p (round
markers) but also in the position of the maximum force as
a function of the loading rate (triangle markers). It may be
a result of the fact that the amount of material involved in
bending is smaller with a smaller spatula, and the curvature
to accomplish the same inclination, larger, thereby creating a
stiffer spatula. This stiffer spatula has a smaller change in the

t:0ns t: 104 ns t: 139 ns
z: 207 nm z: 297 nm z: 324 nm
dz: 0 nm dz: 90 nm dz: 27 nm

position of the maximum force. Smaller spatulae also have the
additional benefit of allowing more adhesive contacts by setal
area,® which was clearly exploited by evolution since animal
groups with heavier representatives (lizards) use more but
smaller pads.?®

Both pull-off pressure and the change in the position of
maximum force show that there are two regimes: one at lower
loading rates that seems to be scaling linearly with log(F), and a
change in the slope with the highest loading rate. If we assume
the linear-log law for pull-off force against loading rate to con-
tinue down to experimental loading rates, we can extrapolate
the pull-off force F (Figure 8B). The extrapolated pull-off force
Fyeticed =log(Fxm)x F, for a spatula in the AFM-accessible
regime is 25 nN for F = 10® pN s™'and 12 nN for F = 10* pN s,
These pull-off forces match very well with pull-off forces of spat-
ulae from experiments, which were found to be in the range of
8-20 nN.[189 It should be noted, however, that loading rates are
not given in the literature, so we can only presume that they are
somewhere between 10" and 108 pN s7.

Since the pull-off forces match well with experiments, this
validates the spatula model created in this work. This valida-
tion, in itself, is a major result of the current work, as there is
no other work that reproduces experimental gecko spatula pull-
off forces in a bottom-up fashion.

4.2. Energy Contributions to Spatula Detachment
The rupture of the adhesive interactions between the spatula

and the surfaces during pull-off involves the dissipation of adhe-
sive and bending energy, with the dissipated adhesive energy

t: 156 ns
z: 341 nm
dz: 17 nm

t: 160 ns
z: 366 nm
dz: 25 nm

t: 163 ns
z: 372 nm
dz: 6 nm

Figure 7. Process of pulling of a spatula (65 = 45°) from a flat surface. In the first few hundred nanoseconds, the spatula bends as the spatula shaft is
pulled upwards, normal to the surface. Between 140 ns and 160 ns, the spatula pad is peeled off the surface. As the crack moves from the spatula joint
to the spatula tip, the adhesion energy is overcome and the detachment of the spatula pad occurs quickly in under 3 ns. After detachment, the energy
stored in the spatula material from bending is released into a wiggling motion that may lead to short re-attachments of the spatula.
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Figure 8. A) Dynamic force spectrum of spatula (65 = 45°) pull-off against loading rate at a flat surface. B) Dynamic pressure spectrum shows the
pull-off forces normalized with the area under the spatula pad. Here, the differently sized spatulae are compared. Since the smaller spatula includes
fewer beads, lower loading rates are computationally more accessible. The pull-off pressure p (left axis) and the percentage change of the position of
maximum force zéOM of the spatula shaft compared to a reference position at fastest pulling zéo,v,(f:' =16.6 X 10"2pN s7) (right axis) are shown against
the loading rate. Round markers denote the pull-off pressure and triangle markers are used for the change in maximum position due to loading rate.
The relative maximum position is defined as the shift of the position of the force maximum at the given loading rate zé’OM(F) with respect to that at
the maximum loading rate 16.6 x 102 pN s™' in percent. The average is computed from 10 independent samples, and the standard deviation of the

Loading rate F (pN s71)

mean is used as the error.

|AUy| being generally smaller than the work required to break
adhesive interactions.™ We calculate |AUy| as the sum of the
change of the nonbonded interactions between spatula and sur-
face. We calculate the pull-off work as Asz—IFPuH dzcom,
with zcoy denoting the position of the shaft haft COM (see
Figure 1). We compute the ratio [AUy|/AW) for four different
loading rates averaged over 10 independent simulations as
a function of z¢oy (In Figure S5A (Supporting Information),
the ratios at the position of maximum force are highlighted
in red; in Figure SS5B (Supporting Information), the proper-
ties are shown side-by-side) and summarized in Figure 9 for
all contributions. Depending on the loading rate, =54-66% of
the pull-off work is the cost of overcoming the adhesive interac-
tions between spatula and surface. Only in the case of a very
high loading rate of 16.61 x 10" pN s7' (blue) is the cost of
overcoming adhesive interactions significantly lower at =30%.
A related computational investigation of the adhesive behavior
of amyloid nanofibers showed a cost of 80% in a pure peeling

1.0
XB -l
= osl s Bending |
© ’ B Rest
S5
o
=1
s . 0er 1
03[
he] 0.4 E
-
>3
2
=] 0.2 B
c
o
@)
0.0

0.33 0.83 1.66 16.61
Loading rate F (1012 pN s72)

Figure 9. The ratio of overcome adhesive energy (blue) at the position
of the maximum force is compared to overcome contributions from
bending (red) and dissipated rest (green) energies to work of pull-off
for different loading rates (for 65 = 45°). The ratios are annotated at the
stacked bars. The average is computed from 10 independent samples.
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situation and =50-60% for a situation where a joint, or hinge,
was present.[*]

The ratio between bending energy |A Up,pq| and pull-off work
W, (Figure 9 and as a function of distance shown in Figure S5C
and the underlying energies in Figure S5D, Supporting Infor-
mation) shows a smaller contribution of <7-29%. In the case of
the fast pull-off, the bending energy accounts only for 7% of the
work needed to overcome attachment. At the slowest loading
rate, the work needed to overcome the bending of the spatula is
29% of the total work needed.

At high loading rates, energy is dissipated as heat (“Rest”).
This rest is dissipated into kinetic energy and can be measured
as a temperature increase of the spatula in the NVE ensemble
(when no thermostat regulates the temperature).

Until the position of maximum force, the bending energy
|AUgond| increases and opposes the process as the spatula
stretches and bends upwards out of its equilibrium inclination.

Force response on loading rate has been investigated on var-
ious levels,?3*# and it is known that pulling too quickly leads
to biased attached-to-detached pathways.[*! We show here that
this trend is also true for pulling a spatula off a surface.

4.3. Spatula Detachment for Different Spatula Inclinations

A highly curved spatula has a higher pull-off force (Figure 10)
than a less curved spatula. Our results show the opposite trend
of what Sauer et al. produced with their FEM model.™® They
showed that as the spatula curvature increased, the pull-off force
decreased. They assume that spatulae are straight, whereas we
assume that spatulae have some inherent curvature. These
authors’ assumption implies that bending energy favors the
detachment because the straight spatula is bent upward during
pull-off, and the potential energy increases with the upward
bending of the spatula. The contribution of the bending energy
|AUgond| to the work of pull-off W, = AUy; + AUgeng + AUrest
would be negative and would compensate, in part, the spatula
pad adhesion. Thus, the more the spatula is curved, the

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 10. Dynamic force spectrum of spatula pull-off against loading
rate depends on spatula inclination 6s. Shown is the force spectrum
for a perfectly flat surface. We assume that the average pull-off force for
6s=75° at the highest loading rate (green) is influenced by the large error,
and its position below the two other s pull-off force should not be taken
as a true trend. The average is computed from 10 independent samples,
and the standard deviation of the mean is used as the error.

stronger the pad adhesion would be compensated, resulting
in smaller pull-off forces for highly curved spatulae. However,
we observe something different, a highly curved spatula has
a higher pull-off force (Figure 10) as the bending energy is
smaller (Figure S6, Supporting Information), and the compen-
sation is, thus, necessarily smaller in these geometries. This
observation is confirmed by the contributions from the adhe-
sive and bending, and dissipated energies overcome (Figure S6,
Supporting Information).

With increasing spatula inclination 6s, the error in the
pull-off force F increases at all loading rates (Figure 10). A
spatula inclination of 45° has the lowest pull-off force and the
most minor error. As the curvature of the equilibrium spatula
shape increases, the pull-off force and standard deviation
increase, too.

35
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Figure 11. Pull-off force as a function of A,,jie,/As,. The pull-off forces aver-
aged over 10 independent simulations (blue) are used to fit a sigmoidal
(Richardsl) curve (red) that is used to compute the second derivative
of this fit (not shown). The intersection of the second derivative of the
sigmoidal curve with zero at A,iey/As, = 0.62 is marked with a vertical
black line. The average is computed from 10 independent samples, and
the standard deviation of the mean is used as the error.
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This last point is essential since different AFM-based studies
of gecko adhesion may differ in the angle of connecting the
spatula to the cantilever. There could be further implications
if different geckos have different spatula inclinations or if vari-
ability in spatula inclinations between spatulae of the same
seta exist.

Returning to Sauer et al., the contrast between our and their
results might also stem from the differences in their FEM treat-
ment compared to our MD treatment of the pull-off. In non-
equilibrium MD, we simulate an AFM-like pull-off. However,
the FEM study does not consider dynamics, loading rates or
any lost dissipated “rest” energy and essentially treats pull-off
at equilibrium.

4.4. Influence of Surface Roughness on Spatula Adhesion

Spatula adhesion has been observed to depend on surface
RMS roughness, R (the RMS distance between the surface
profile and its average height). Huber et al.ll demonstrated
that as a surface changes from low R, to high R,, the pull-off
force passes through a wide minimum between R, = 100 nm
and 300 nm. The authors hypothesized that when R, is on the
scale of spatula sizes, it allows only partial contact between the
spatula and the surface because the asperities (the peaks and
valley) would be too small for the spatula to attach to.

In Figure 11, the spatula pull-off force against the area per
valley ratio Ajiey = 1/Ppeak to spatula area Ag, (top) at constant
R, = 4 nm, is shown (Figure S7 (Supporting Information)
shows the pull-off force against the peak density)and summa-
rized, as the peak density decreases, the pull-off force increases.
The ratio Ayey/As, is well fitted by a sigmoidal (Richards!*))
curve fit (red). When the spatula area exceeds the area of sur-
face asperities (Ayyyey/Asp < 1), the spatula is unable to form
close contact with the surface (Figure 12). The assumption of
Huber et al.l!l that spatulae cannot adhere to asperities of sim-
ilar but smaller dimensions is confirmed here. However, this
is not necessarily a function of the RMS roughness. Their sur-
faces were fortuitously crafted with different roughness wave-
lengths that also resulted in different RMS roughnesses. Our
results indicate a primary dependence on roughness wave-
length rather than RMS roughness R,

Movie S2 (Supporting Information) shows the pull-off at
Altey/Asp = 3.19. At Ayjiey/Asp < 1; the pull-off force declines
rapidly until the spatula cannot follow the surface topography
anymore and simply attaches to the peaks of the surface, as
seen in Figure 12 at Ayjey/Asp < 0.49. A critical trend change
can be observed when the area per valley reaches a value of
=60% (Figure 11) of the spatula pad. Asperities with smaller
sizes prohibit the spatula from completely attaching to the sur-
face (Figure 12).

There is a small apparent discrepancy between the pull-off
force for the flat surface in Figure 11 (28 nN) and that of the
loading rate investigations (Figure 8, 37 nN). This is due to the
different preparation of the systems (no preloading in Figure 8).
The minimum pull-off force =7 nN, is seen at a peak density of
Altey/Asp = 0.13. Movies S3, S4, and S5 (Supporting Informa-
tion) display multiple starting configurations where the spatula
is attached to surfaces of A,yey/As, = 3.19, 1.28, and 0.49.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 12. (Top) Sections of spatula attached to rough surfaces shown with increasing peak density (from top left with ppe, = 0 tm~2 to bottom right
with 394.12 um?). The average height between the peak and valley is 16 nm for all surfaces, resulting in a root-mean-squared roughness of R, =4 nm.
(Bottom) Viewed from underneath the surface, the only part of the spatula displayed are surface beads (cyan), which are inside the interaction cutoff
of the spatula beads (red). The ratio A,,je,/As, between the area between peaks and the spatula area is noted underneath each surface.

5. Conclusion

We developed a mesoscale particle model for a gecko spatula to
study the effect of sub-micron surface roughness on the spatula
adhesion. The model whose building blocks have the size of
65 kDa or 83 nm? has been constructed using the results from
finer-grained molecular models, namely atomistic and coarse-
grained (one bead per amino acid).

We thus bridge the nanoscale atomistic molecular simula-
tions of keratin-surface interaction to mesoscale simulations
of whole spatulae. Using a hybrid bottom-up-top-down coarse-
graining protocol, we showed successfully that the UA model
of gecko keratinl® provides the correct adhesive interactions
with the surface. Naive extrapolation of vertical pull-off simula-
tions in 2D PBC of gecko keratin to sizes of real spatula pads
greatly overestimated the force necessary to detach the spatula
since pull-off forces would be hundreds of times larger than
what AFM experiments showed. Here we showed that the CG
force field parameterized in 2D PBC, which reproduces the UA
keratin properties, matches with AFM studies if the same force
field is used for a mesoscale spatula with its true shape and
size. Using a simple extrapolation from fast MD loading rates
to likely AFM loading rates, we observe typical pull-off forces
for single spatulae of =12 nN (exp. 8 to 20 nN['#9)). The neces-
sary ingredient is to use the actual shape of a spatula and allow
peel-off, rather than vertical detachment, to happen.

Spatulae of various sizes show systematic differences in pull-
off. Per contact area, the pull-off force of a smaller spatula is
larger. Using the same amount of material, more and smaller
spatulae are therefore more “efficient”. We find that it is the
higher stiffness of smaller spatulae that oppose the peel-off.

Analysis of the energy contributions to spatula pull-off
showed that around two-thirds of the pulling work is expended
to overcome the adhesive nonbonded interactions, around
one-third is the energy to bend the spatula, and only =5% is
lost through dissipation (at the lowest loading rate). The parti-
tioning of energies is, of course, model-dependent. It is, how-
ever, unlikely that the contributions of the adhesive interactions
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will change much since our mesoscale coarse-graining is
based on the result of UA adhesive interactions. When the
maximum force is reached, and the spatula is about to be
detached, the force is essentially only determined by adhesive
nonbonded interactions.

Care should be taken in AFM experiments to correctly
characterize the spatula since the adhesion also depends on
the inclination of the spatula 0s, and as inclination increases,
its error increases too. High inclinations increase the pull-off
force due to smaller compensation of the pad adhesion during
bending. Large scatter of pull-off forces due to high inclinations
of 8> 60° may also lead to premature detachments of spatulae
or parts of synthetic gecko adhesives, which would decrease the
product’s overall reliability.

The spatula pull-off force shows a strong dependence on the
characteristic wavelength of the surface roughness, i.e., the lat-
eral extent of depressions and protrusions. The pull-off force
follows a sigmoidal increase. At short wavelengths, the spatula
cannot follow the terrain and, in turn, can only attach to the
peaks of the rough surface. The most significant increase of
pull-off force happens where the area per surface feature reaches
about 60% of the area of the spatula pad. From this point on,
the spatula can closely attach to the surface topography.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: (A) Volume drift (or change) of keratin bulk material in the NPT ensemble (1 bar, 300 K) over 200 ns simulation
time against the bond number with an initial system size of 60 - 60 - 60 nm. The average is computed from 10 independent
samples and the standard deviation of the mean is used as the error. (B) Convergence of the standard deviation of the
Young’s modulus o(F) against the number of independent simulations used for averaging and, in different colors, the system
sizes that were tested. 30 bond neighbors are used for these simulations. A system size of 60 - 60 - 60 nm with 30 bonds
neighbors is sufficiently large.

Bottom

S R

Figure S2: (Top) The top-viewing perspective of the spatula. Spatula beads are shown in green and a visual representation
of the bond network is shown in purple. (Bottom) The shape of the spatula from its side is inspired by the finite element
model of Sauer et al.[1] and the finite element calculations of Xu et al.[2]
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Vertex 2 (nm) y (nm) Vertex 2 (nm) y (nm)
1 0.000 82.780 62 0.000 92.780
2 0.000 60.900 61 0.000 114.660
3 22.680  61.330 60 22.680  114.230
4 44.160  61.080 59 44.160  114.480
5 66.780  61.310 58 66.780  114.250
6
7
8

89.140  61.550 57 89.140  114.010

113.090  61.540 56 113.090  114.020

138.600  62.230 55 138.600 113.330
9 163.710  62.470 54 163.710  113.090
10 188.760  62.100 53 188.760  113.460
11 213.790  62.450 52 213.790 113.110
12 237.290  62.260 51 237.290  113.300
13 256.460  59.770 50 256.460 115.790
14 273.290  55.720 49 273.290 119.840
15 287.650  50.800 48 287.650  124.760
16 302.490  45.000 47 302.490  130.560
17 317.480  37.370 46 317.480 138.190
18 332.730  26.260 45 332.730  149.300
19 347.200  17.070 44 347.200  158.490
20 362.240  8.890 43 362.240  166.670
21 376.230  2.460 42 376.230  173.100
22 390.260  0.360 41 390.260  175.200
23 402.970  0.000 40 402.970  175.560
24 415.000  2.270 39 415.000  173.290
25 423.820  6.910 38 423.820  168.650
26 430.010  13.090 37 430.010 162.470
27 434.190  20.690 36 434.190  154.870
28 437.410  30.860 35 437.410 144.700
29 438.180  44.000 34 438.180  131.560
30 438.960  61.000 33 438.960 114.560
31 439.730  81.800 32 439.730  93.760

Table S1: All 62 vertices of our mesoscale spatula model.

Name Extent (relative to [, of spatula) Color in Figure 1
Spatula pad 70% to 100% blue
Shaft haft 0% to 5% grey
Spatula tip 95% to 100% red
Spatula joint 60% to 65% purple
T 65% -

Table S2: Names, colors and the position of different areas of the mesoscale spatula model. The extent is relative to the
spatula length in the x direction [,.
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1 Surface model details

The surface is generated much like the bulk keratin model, it has the same random arrangement of beads
and the same bead density. We use the same minimum distance between beads and the same target density
to fill the simulation box up to a maximum height z,, with beads. The minimum height of the surface is
always 13 nm. In the case of rough surfaces, we insert beads underneath a three-dimensional landscape
defined by z,, = 13 nm + Asin(z - 7n,/l; +7X,) -sin(y - 7n,/l; +7X,) with the peak height A\ = 8 nm, the
number of peaks in x and y direction n,, and the length of the surface in x and y: /7 and ;. We apply a
random phase shift using a uniformly distributed random number X ~ U([0,2]) in the x and y directions
to simulate random placements of the spatula on top of a surface.

2 Details about the parameterization of the anisotropic bonded interactions
of the mesoscale keratin force field

Before parameterizing the bond coefficients k& and k;, the ideal bulk keratin system size is determined by
applying strain of 0, 1, and 2% in the (virtual) fibril direction for ten independently created bulk keratin
systems of different sizes. For each system, Young’s modulus is calculated. This is done by increasing
box lengths, as shown in Figure S1 (B). By ideal bulk system size, we mean here that computation is
expeditious and that the average and standard deviation of Young’s modulus F are converged. No finite-
size effects affect our force field parameterization, and statistics are distinct enough to distinguish between
fitting or unfitting parameters. For each system size, Young’s modulus along the (virtual) fibril direction
E is calculated for all ten systems, and the smallest system size at which the standard deviation of Young’s
modulus is converged is chosen. As seen in Figure S1 (B), a system size of (60) nm is sufficiently large
and is used from here on out for all simulations of Young’s modulus and Poisson’s ratio.

0.405

> 0.400 F : -
) 3 HH—‘
-
T T .
< 0.395F v o -
wn
I
o
» 0.390 F - L
©
o
0.385 | Wl kp: 1250 k: 226l kp: 1220 k: 226
W kp: 1230 k: 226l kp: 1210 k: 226
0.380,

4300 4400 4500 4600 4700
Young's modulus E (MPa)

Figure S3: Resulting Poisson’s ratios v and Young’s moduli E of the bulk keratin material system of the combination of k
and k;, values (listed in Table S3). The standard deviation using three samples for averaging (grey) and 10 samples (colored)
are used as the error. The bond coefficients labeled in the legend are in units of kJ mol~™' nm~2. Grey data points are listed
in Table S3. The average is computed from 10 independent samples and the standard deviation of the mean is used as the
error.
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k (kJmol ' nm~2) k (kJ mol~ I nm~2) FE (MPa) o(E) (MPa) v o(v)
220 1150 4229.89 11.34 0.399 0.001
220 1250 4523.01 12.37 0.404 0.001
230 1150 4308.66 13.32 0.396  0.000
230 1250 4596.50 42.65 0.401  0.002
235 1150 4312.27 6.13 0.394 0.001
235 1250 4584.15 38.98 0.398  0.001
240 1150 4338.86 20.17 0.394 0.001
240 1250 4645.88 58.69 0.396  0.002
245 1150 4401.44 17.26 0.390  0.002
245 1250 4643.31 9.31 0.397 0.002
255 1150 4404.21 14.41 0.390 0.001
255 1250 4673.84 43.26 0.394 0.001
260 1150 4417.73 32.20 0.388 0.001
260 1250 4732.51 17.59 0.394  0.001
223 1250 4553.27 42.13 0.402  0.003
223 1230 4508.45 35.65 0.402  0.002
223 1220 4451.48 46.55 0.400  0.002
223 1210 4442.88 38.58 0.399 0.003
229 1250 4577.57 41.32 0.400 0.001
229 1230 4499.05 38.81 0.400 0.002
229 1220 4513.33 28.54 0.399 0.001
229 1210 4476.64 43.26 0.398  0.002

Table S3: A small selection of results of the bulk keratin material parametrization of the anisotropic bond coefficients k
and k. The Young’s modulus E is calculated between 0% and 2% strain in the direction of the (virtual) fibrils, and the
Poisson’s ratio v is the average between 1% and 2% strain orthogonal to the fibril direction. The values are averages over 3
independently generated systems.

3 Details about the parameterization of the nonbonded interactions of the
mesoscale keratin force field

We compare different system sizes to ensure that finite-size effects are negligible. Figure S4 shows that
p converges slowly with increasing system size. For the smallest system of 30 - 30 nm (blue), each bead
is bonded t0 Nyonas/N = 8.6% of all beads, leading to finite-size effects. For a system of size 90 - 90 nm,
the ratio of bonds to the number of beads is only 0.9%. We continue with this size since it is a good
compromise of the value of p with computational efficiency.
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Figure S4: Pull-off pressure of different sized bulk keratin systems ranging from 30 nm box length (total number of beads
N = 350) to 150 nm (N = 8875). With an increasing number of beads, the average and the standard deviation of the pull-off
pressure converges. The ratio of the bulk keratin pull-off pressure to the all-atom pull-off pressure p/p"® is shown in the
legend. The force field parameters used for this validation are & = 226 kJ mol~! nm~2, k, = 1220 kJ mol~! nm~2, ¢ = 2.8
nm, and ¢ = 1000 kJ mol~!. The average is computed from 10 independent samples and the standard deviation of the mean
is used as the error.

4 United-atom gecko keratin model

The united-atom (UA) gecko keratin model uses the GROMOS 54A7 force field for all atoms present in
the system, keratin protein and surface[3, 4, 5, 6].

In earlier coarse-grained work[7] we discovered that only the intrinsically disordered protein regions
(IDRs) of the gecko keratin directly contact the surface and not the beta-folded region of the keratin
protein that polymerizes into nanofibrils. Thus only the IDRs of the gecko keratin protein are responsible
for the adhesive energetic interaction between spatula and surface. Therefore we amorphized a gecko beta-
keratin protein (Ge-cprp-9), where only the intrinsically disordered parts of the protein are considered.

The exact equilibration protocol, including energy minimization, amorphization at 2000 K with subse-
quent cool down, and multi-step equilibrations in the NPT ensemble with and without soft-core potentials,
would go beyond the scope of this SI.

Additionally, gecko keratin contains a large fraction of disulfide bonds.[8, 7] We cross-link one-third of
the cysteines (= 7.5% of the amino acids in the protein). Therefore, achieving the same cross-link density
as in a previous coarse-grained work.|[8]

The united-atom keratin simulations of the previous work were carried out using the GROMACS
2018 software package[9]. The production runs to calculate Young’s modulus were performed in three-
dimensional periodic boundary conditions (PBC). The timestep was 2 fs, and a velocity rescale[10] ther-
mostat kept the temperature at 300 K. A semi-isotropic Berendsen[11] barostat with a compressibility of
4.5-107° bar~! in x and y, and a compressibility of 0 bar~! in z, kept the pressure of the system at 1
bar. Production runs were repeated five times for five independently generated systems (n = 25). Young’s
modulus was computed with a linear fit to the first 1% strain. Poisson’s ratio was computed as the average
over strain 1% to 5%.

5 Simulation details

All simulations are carried out using the GROMACS 2018 and 2021 software packages[9]. The van der
Waals interaction cutoff is 12 nm, and van der Waals interactions are modeled using the 12-6 Lennard-
Jones potential. We use the potential-shift-Verlet scheme[12] as a cutoff modifier for a physically[13]
smooth transition at the cutoff. We simulate state points in NVT and NPT with a temperature of 300 K
and a pressure of 1 bar, respectively. Different thermostats and barostats are used at different stages; see
the following subsections. The timestep is 20 fs.
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5.1 Mechanical property calculations with the mesoscale keratin material

5.1 Mechanical property calculations with the mesoscale keratin material

Young’s modulus and Poisson’s ratio are calculated for the three-dimensionally periodic mesoscale keratin
material by scaling the initial system configuration in (virtual) fibril direction to give strains of 0 to 2%.

A semi-isotropic Berendsen barostat[11] with a compressibility of 0 bar~! in the fibril direction keeps the
pressure at 1 bar using a coupling time of 7, = 100 ps and allows the perpendicular dimensions to adjust.
A velocity rescale thermostat[10] is used with a coupling time of 77 = 2 ps. The systems are simulated for
200 ns. Pressure, density, and bond energies converge during the first nanosecond of the simulation. The
last 180 ns are assumed to be in equilibrium and are used for the analysis of mechanical properties.

5.2 Mesoscale keratin material detachment simulations

To perform mesoscale keratin material detachment simulations, the material with the optimized parameters
(Section 3) is placed on top of a surface of height 13 nm with a minimum distance between surface and
bulk of ¢ = 4.0 nm. The fibril direction is parallel to the surface. The PBC in directions parallel to the
surface makes the mesoscale keratin material and surface semi-infinite, i.e., two infinite plates in adhesive
contact. The surface beads are fixed in place. The center of mass (COM) of the beads of the top half of
the bulk keratin is connected by a harmonic bond to a virtual particle, which can be moved at will and
which mimics the action of a cantilever.

The pulling simulations of the mesoscale keratin material periodic parallel to the surface are performed
in three consecutive steps. First, the keratin material is preloaded (i.e., pressed against the surface) with
a constant pressure of 0.2553 kJ mol~! nm~= (corresponding to a constant force of 2068 kJ mol~! nm~" in
the 90 - 90 nm system) acting on the top half of the material for 100 ns (red particles in Figure 5). Next,
the system is allowed to relax for 100 ns with no external force applied. Finally, the keratin material is
pulled away from the surface in the direction normal to the surface. To this end, the virtual cantilever is
moved away from the surface with constant velocity v = 0.001 nm ps~! (with the harmonic force constant
kpan = 1000 kJ mol™* nm™2 or kyu = 1660 pN nm™'), with the virtual particle located initially at the
COM of the top half of the keratin. The resulting loading rate, F' = kyyv = 1.66-10'2 pN s~ is equal to
the loading rate of the united-atom reference simulations[14].

The preload and relax phases use a stochastic dynamics (SD) thermostat[15] with a coupling time of
77 = 1 ps to inhibit any possibility of the harmonic keratin network to periodically oscillate without being
able to dissipate the energy. The final pulling simulation, when the virtual cantilever moves away from the
surface to pull off the bulk keratin material, uses a velocity rescale thermostat[10] with 70 = 1 ps, because
the friction of the SD thermostat would bias the measured pull-off force. All simulations take place in the
NVT ensemble with a large vacuum volume above the keratin to allow the pull-off.

6 Spatula detachment simulations

Initially, the spatula is generated as described in Section 2.2. Then we push the spatula pad beads (Figure
1 blue and Table S3) for 100 ns with a constant pressure of 0.2553 kJ mol~! nm~ against the surface. The
surface beads are fixed in space. The center of mass (COM) of the shaft haft, designated as the first five
percent (in x dimension, with the shaft haft coming before the spatula pad) of the spatula length (I,,-0—5%),
as seen in Figure 1 (grey) and described in Table S3, is kept from rotating around the axis normal to the
surface by a flat-bottom[16, 17] potential (as implemented in GROMACS[9]) with Kgat_bottom = 2 - 10% kJ
mol™! nm~2, the distance where the potential starts is ro = 2 nm. After this preload step, the system is
allowed to relax with no applied forces for another 100 ns. A flat-bottom[16, 17] potential is, however, still
used to restrict the spatula from rotating around the axis normal to the surface.

In the fourth step, the spatula is prepared to be bent upwards. Therefore, we move the shaft haft
COM away from the surface for 300 ps with &y = 1-10° kJ mol™! nm~2 and a velocity of 0.1 nm ps'.
Simultaneously, the shaft haft is kept from rotating as described above. This step is done to correct a
GROMACS specific error that arises when the spatula initially bends opposite of the set bending direction
(due to thermal fluctuations).
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As done by Sauer et al.[1], the main pulling mechanism is broken into two parts: bending the shaft so
that it has an inclination of some degree to the surface (step 5), and then pulling the spatula vertically off
that surface (step 6). The bending is carried out by applying an umbrella potential (V (6) = k/2 (6 — 6,)
with & = 5-10° kJ mol™! rad=2) on the COM of the spatula shaft haft using an "angle-axis” geometry.
This is GROMACS terminology for an angle-dependent harmonic potential between two vectors. Here,
one vector is defined between two COMSs, and the second vector is defined by an axis. The angle-axis is
defined between the shaft haft COM and the spatula tip COM (Table S3) and the vector parallel to the
surface {—1,0,0}. We rotate with 0.001 deg ps~* upwards (Note that the angle-force constant is in units
of radians, while the unit for the rate of bending is expressed in degree, as used in GROMACS). This
pulling results in a force normal (upwards) to the shaft bending the spatula along the way.
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Figure S5: (A) Ratio of adhesive energy overcome during detachment to work of pull-off for different loading rates. The
position of the shaft haft when the force is at its maximum (pull-off) is marked with a triangle. Red values at the beginning
of black dashed lines note the ratio at the position of pull-off. (B,D) Energies (solid lines) and work (dashed lines) shown
side-by-side for the varying loading rates. (C) Ratio of bending energy to work of pull-off. Data shown is the average
computed from 10 independent samples.
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Figure S6: The ratio of overcome adhesive energy (blue) at the position of the maximum force is compared to contributions
overcome from bending (red) and dissipated rest (green) energies to work of pull-off for different loading rates. The ratios
are annotated in the stacked bars. The spatula equilibrium inclination is fg = 60° (A) and (B) 6s = 75°. The average is

computed from 10 independent samples.

N)
N w w
(&) o v
T T
1 1

(
N
S

Pull-off forc
=
w o w
T T T
—6—
=6
l-é-l 1 1

0 50 100 150 200 250 300 350 400
Peak density ppeax (Um~2)

o
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e'cko Spé\tula

Roughness period

A multiscale modeling approach derives a particle-based mesoscale gecko spatula model that is able to link atomistic and
mesoscale simulations and yield pull-off forces similar to experimental work. A root-mean-square roughness causality is
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3.4 Gecko adhesion: a molecular-simulation perspective on the
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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
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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t Electronic supplementary information (ESI) available: Section S1: Gecko keratin
model creation procedure; Section S2: insertion of water into gecko keratin;
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:
pull-off: weakly hydrophilic keratin from wet surface; Movie S2: pull-off: strongly
hydrophilic keratin from wet surface; Movie S2b: pull-off: strongly hydrophilic
keratin from wet surface (transparent keratin); Movie S3: pull-off: weakly hydro-
philic keratin from dry surface; Movie S3b: pull-off: weakly hydrophilic keratin
from dry surface (transparent keratin); Movie S4: pull-off: strongly hydrophilic
keratin from dry surface; Movie S4b: pull-off: strongly hydrophilic keratin from
dry surface (transparent keratin). See DOI: 10.1039/d1sm01232k
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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
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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,rq := 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 Fpuy = 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 F,ui = kpun(vt — 2(t)), where z(t) denotes the position
of the virtual particle in pulling direction.

Ny

18.5 nm

|' 155 nm 'anm

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 ecgr_am = 28.6 k] mol * and, given the large
size difference between CR and AM beads we shift the potential
by a distance 7§®*™. The potential in eqn (1) shifts the position

)} 1)

of the singularity to r = r;
AM 12 AM
o o
Uni(r) = 4¢ [(, — r()CR—AM) - (r —CRAM

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 (ESI{).
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 5% "°*. We use a
common packing density of 1 molecule per 0.22 nm, which leads
to a tilt angle of 03> “*"°! = 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 k,, are taken from the MARTINI force
field. The equilibrium angle GOOE’Q’U 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) ky, (k] mol ™" nm ™) Bond angles 0, (deg) k, (kJ mol ")

180.0  25.0
173.0  25.0

C1-C1 047 1250
Qa-C1 0.47 1250

C1-C1-C1
Qa-C1-C1

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 ec;-cr and éci-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) ¢ (kJ 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
10~°% 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 (ESIT). 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 zyaceriayer = MaxX(C1;2) + ops +
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 ¢; =
.\/Eie; 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,
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Fig. 4 Normalized Young modulus E/E*, with the Young modulus E
relative to the Young modulus of the original parameters of Endoh et al.
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 exvav at constant ecgav = 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 (gan_an = 8.0 k] mol " and ecp_am =
28.6 kJ 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 1 = 0.5, for both W-AM
and W-CR interactions, the weakly hydrophilic gecko keratin. The
system with 1 = 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

. /Vapor_\,iul: .
. Water solvated .
“wet keratin“. - .-

Mono layér of Wwate
"wet . urfagei :

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
(ESIf).

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 10™° 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 — pinstA)Z < 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 7+ = 2 ps, closer to the surface. The COM of the top layer
of the CR beads zcom is moved with a harmonic spring,
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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

200 nm
=

= 23560 nm?, with 2a the width and 2b the height of

an elliptic

150 nm

2
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 Fyreioaa = 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 7 = 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 kJ mol " nm ™2, together with the
corresponding pulling velocity to maintain a constant loading rate
F= kpunv. We did not see a difference in maximum force, therefore
we decide to proceed with a value of Ky = 5000 kJ mol™* nm™>.
We discuss the loading rate dependence (changing F = kyuy-v)
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

area of roughly A=mn-2a-2b=n
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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”7 um s~ (or 0.3 to 30 nm ns ™). The pulling velocities used in
this work are summarized in Table S1 (ESI{) with their corres-
ponding loading rates F = kyy-v. 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" pum s~ to 1 x 10> 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 T T T
T T T
1500 - E
1500
Z
~ 1000
3
w
g 500
(o]
('
0
—— smoothed force raw force
_500 1 1 1 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° nm s~1. The force on the harmonic spring Fouu is
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
1I 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
€cr-am =28.6 k) mol! |

= Sl Eam—am =8 kJ mol~1
% 400.0 Endoh et al. i
= &w-am=6.3 k] mol~!
& 300.0 - w_cr=22.6 K mol?
0 Ew-am= 3.2 k] mol~!
g 2000 ew-cr=11.3 kf mol~!
0

100.0

0.0

1 L L 1 1 1 L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Strain €5,

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 g, 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 eay-am and écg-am. Decreasing the CR-AM
interaction energy from the original ecg_an = 28.6 kJ mol " by
40% to ecpam = 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_cgr and ew-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/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%

N > 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
_oo b Bepay - xy
= /v+ﬁxb ln<7k0
force, y the friction coefficient, x;, the distance to the potential

21,45,46
|, 21546 f

mode >, 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~ '), 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 kJ mol ™" with 932 4 456 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 exyiam =
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 exvam = 8 k] mol™" and ecpam =
28.6 kJ 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 Fy,, is nine times larger than Faq with F,, = 8440 pN.
The pull-off force needed to detach dry weakly hydrophilic
keratin from a wet surface Fj, clearly shows, that a water layer
is a strong modifier of the pull-off force, as dry keratin sticking to
a wet surface Fy,, = 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,q relative to a dry
keratin on a dry surface Fyq and a wet keratin on a wet surface
Fy, telative to a dry keratin on a wet surface Fy,, (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 FY.. 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 F
relative to the pull-off force of dry weakly hydrophilic keratin on a wet surface F4,, 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 x 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 x37% (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 ey_an = 3.2 k] mol ™" or ey_am =
4.4 kJ mol . Instead the highest pull-off force is observed with
the weakly hydrophilic gecko keratin (¢cg-w = 11.3 k] mol " and
ew-am = 3.2 k] mol™"). Fig. S3 (ESIf) 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, ESI{) and weakly (Movie S1, ESIt)
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Fig. 12 Density profile in the first 0.7 nm layer above the wet surface during preloading of the weakly 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 = 0 nm the smallest distance between keratin and the surface is 2.0 nm.
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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 = 0 nm the smallest distance between keratin and the surface is 2.0 nm.

hydrophilic keratin, Fig. S4 and S5 (ESIt) show the densities of show the weakly hydrophilic gecko keratin pull-off from a dry
keratin and water during pull-off from a wet surface. Initially, surface, and ESI,f Movies S4 and S4b show the pull-off of
the water is filling the gaps between the surface and the strongly hydrophilic keratin from a dry surface). Thus, in case of
weakly hydrophilic keratin, but this gap-filling is not seen in case the weakly hydrophilic keratin, the higher gap-filling ability may
of the strongly hydrophilic keratin (ESI,t Movies S3 and S3b  explain the main contribution to the increased pull-off force seen in
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Table 3 Geometries of water during pull-off of the wet gecko keratin In contrast, a strongly hydrophilic keratin absorbs the water
systems. The weakly hydrophilic keratin (ew-aw = 3.2 kJmol*and zw_ca = into the interface region (and probably, on longer time scales,

11.3 kJ mol™) at the top and the strongly hydrophilic keratin at the bottom

(eor_an = 6.3 kJ Mol and ay_ca = 22.6 kd mol ) into its volume) which inhibits the formation of capillary

bridges (Fig. S5, ESIT). The strongly hydrophilic keratin therefore

éw-cr (K] mol ™) éw-am (K] mol ™) Geometry shows only small capillary bridges, containing a small number of
11.3 3.2 Capillary bridge ~ Water beads. The water absorbs into the strongly hydrophilic
15.8 3.2 Capillary bridge ~ keratin interface and acts as a mediator for keratin-surface
22.6 3.2 Capillaty bridge i teractions. Water beads interact simultaneously with the keratin
11.3 4.4 Capillary bridge ; . .

15.8 4.4 _ and with the surface and this molecular bridge acts a proxy for
22.6 44 No bridge stronger keratin attachment. This mediating effect of water is
11.3 6.3 No bridge different from capillary forces in that a volume of water is missing
15.8 6.3 No bridge . .

2.6 6.3 No bridge 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.
Fig. 11(A). The formation of water bridges at the contacting This explains the increased pull-off forces in case of the wet
asperities lead to a capillary force and subsequently increases the  strongly hydrophilic keratin on a dry surface. The keratin interacts

pull-off force. 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 kd mol™ and ew_cr = 11.3 kI mol™).
(B and D) shows the strongly hydrophilic keratin (ey_am = 6.3 kJ 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 — Zcomea. 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 104 nm s71. 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 ESI{
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 zcowm, we histogram the van der Waals energetic
contributions to their respective positions zgowm,; (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,eq), 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 zcom &~ 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 zcom & 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***¥( = 0.4 nm) — y*o"s¥
(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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1 Gecko Keratin Model Creation Procedure

Since one CR bead represents one dimer, each CR bead is covalently bonded to two head
regions and two tail regions. The first AM bead in the squence of either the head or tail
region is placed orthogonal to the direction of the nanofibrils with a 90 degrees angle between
each sequence. The initially placed AM beads are extended by a self-avoiding random walker
until all AM beads are fitted into the simulation box. The resulting structure may contain
hotspots which are relaxed in the equilibration protocol for the dry gecko keratin (Section

S3).

2 Insertion of Water into Gecko Keratin

We step-wise insert water beads such that the resulting interaction with the whole system is
favorable AFisertion < 0. Thus we only insert beads beyond the Lennard-Jones radius o of
both, the keratin model (CR and AM) and the water beads inserted in previous steps. We
use a slightly modified Boltzmann-inverted Lennard-Jones potential (Equation S1) of the
Water-Amorphous (W-AM) interaction as a probability density function to efficiently find
low energy positions inside the keratin close to AM beads. Then we check if these insertion

points would result in favorable interactions A Fiysertion-

P(z) =1 — exp {12 ((T”)m - (‘ijAMfﬂ (1)

The amount of water beads inserted at each step, depends on the free volume inside the
keratin. After each insertion step we subsequently perform NPT equilibration runs for 0.25
ns each (computational details are described below). Then we repeat the insertion of water
beads in this NPT equilibrated wet keratin model. We repeat these two steps (insertion of

water beads and subsequent NPT equilibration) until the desired water content is reached.
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3 Dry Gecko Keratin Equilibration

In the first step, the AM beads of the initial dry gecko keratin configuration (three-dimensional
orthorhombic boundary conditions) are energy minimized using steepest descent until the

maximum force is below 100 kJmol~ ' nm™".

The resulting structure is quickly relaxed at
0 K in the microcanoncial ensemble with a small time step of 1 fs for 1 ns while keeping the
CR beads fixed.

After scaling the Lennard-Jones interaction parameters (Section 2.3) the equilibration
protocol of Endoh et al.! is used, with a longer equilibration, by using smaller time steps in
the beginning (5 fs instead of 15 fs) and increasing the last NPT equilibration from 7.5 ns
to 100 ns. A Berendsen thermostat? with a time constant for coupling the temperature of
7r = 1 ps and a simulation time step of 5 fs is employed to simulate the system at 2000 K
for 150 ns in the NVT ensemble. This is done to relax unphysical frustrations!. Following
the NVT relaxation, the system is cooled down to 300 K in steps of 50 K with a time step
of 10 fs. Each cooling step is performed over 3 ns and the final step at 300 K is run for
7.5 ns. Next, a semi-isotropic Berendsen barostat? with a coupling time of 7, = 5 ps and

a compressibility of 4.5 - 107° bar~!

is used to equilibrate the system in NPT over 100 ns
at 1 bar. The density converges after 30 to 40 ns to 1274 kg m™3, similarly, Lennard-Jones

interactions converge also after 30 to 40 ns.

4 Wet Gecko Keratin Equilibration

To swell the dry keratin model with water, we insert water beads into the NPT equilibrated
dry keratin system, under 3D PBC. With our target of 10% water content we need to add
4123 water beads, in total, into the model. However, in the first step we only insert on
average 351 water beads into the dry keratin system (in the fifth step we insert on average
246 beads and in the twentieth step just 143 beads in the wet keratin), because we only insert

water beads such that the systems energy is favorable upon insertion. After each insertion
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step we run a NPT equilibration for 0.25 ns. By adding just a small number of water beads,
at one time, into a system of 22528 keratin beads, under the restrictions described above,
the pressure, volume, density and all energetic terms converge in just under 100 ps. The
short NPT equilibrations are performed with a time step of 5 fs. A Berendsen thermostat
and a semi-isotropic Berendsen barostat? are used to keep the system at 300 K and 1 bar.
A time constant for coupling the temperature of 77 = 1 ps and coupling time of the barostat

1

of 7, = 1 ps with a compressibility of 4.5 - 1075 bar™! is adopted. After the last insertion

step, we extend the NPT equilibration of the wet keratin by simulating the system for an

additional 50 ns with a time step of 10 fs.

Table S1: Range of pulling velocities used in the force probe molecular dynamics simulations
and the corresponding loading rates, given the spring constant kp,; = 5000 kJ mol ™! nm~2.
The pulling velocity is the velocity with which the virtual particle is moved away from the
surface. This virtual particle is linked with a harmonic spring to the center of mass of the

top layer of the nanofibrils.

Pulling velocity v (pnms™!) Loading rate F' (pN s7!)

3-10° 2.5-10"2
5-10° 4.5.10%
7.10° 5.8 - 102
1-108 8.3.101
3-106 2.5-10%
5- 108 4.2.101
7-108 5.8-10%
1-107 8.3-10"
3.107 2.5-10"
4

102



T T T T
4000 — 1102 umst —— 11073 um s~ A
— 5103 ums!t —— 510"*ums™!

3000

2000

1000

Force Fpui (pPN)

—1000

—~2000 ! L L !
0 1 2 3 4 5

Displacement z(t) (nm)

Figure S1: Smoothed force profiles as a function of virtual particle displacement z(t) at
different pulling velocities. The maximum at the beginning of each curve corresponds to
the unbinding event of the gecko keratin from the hydrophobic octadecyltrichlorosilane self-
assembled monolayer. The fast pulling velocities show periodic oscillations after the max-
imum force, due to keratin oscillating in the harmonic potential around the linked virtual
particle. The slowest pulling velocities converge almost immediately to zero after the max-
imum, by quickly dissipating the forces internally. All forces eventually decay to zero after
detachment.
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Figure S2: (A) Pull-off pressures of wet keratin attached to a dry surface pyq relative to the
pull-off pressure of dry keratin on a dry surface pgq at different Lennard-Jones interaction
energies € for Water-Core (W-CR) and Amorph-Water (W-AM) interactions. (B) Pull-off
pressures of wet keratin on a wet surface py, relative to the pull-off force of dry weakly
hydrophilic keratin on a wet surface p}, shows the influence of wet keratin on the pull-off
force in the context of a wet surface. Wet gecko keratin on both a dry and a wet surface
leads to increased pull-off pressures compared to dry gecko keratin.
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Table S2: Results of the force probe molecular dynamics simulations of the wet and dry
models. Nomenclature for the type works as follows, the first index classifies if the keratin
itself is dry (d) or wet (w), the second index classifies the surface as dry (d) or wet (w).
Lennard-Jones interaction parameters of the dry gecko keratin model AM-AM interaction
and the interactions of MARTINI water with the gecko keratin model. The Lennard-Jones
interaction energies € are in units kJ mol~1. The pull-off force F' (in pN) computed for a
loading rate of 2.5 - 102 pN s~! predicted by Bell+friction fits. Each Bell+friction model
was fitted to the most probable pull-off forces of loading rates spanning three orders of
magnitude. The standard deviation & is computed from five different equilibrations. By
using the surface area of the simulation box A, the pull-off forces can be compared between
systems as pull-off pressures p = F//A, which shows that the change in surface area due to
the swelling of the keratin is not large enough to change any trends if one only compares
pull-off forces, instead of pull-off pressures.

Type eamam ew-cr ew-am F (10 pN) & (pN) A (nm?) p (pN nm~=?)

dd 7.2 - - 6 456 290.4 2.2
dd 8 - - 9 456 289.7 3.2
dd 8.8 - - 9 456 289.2 3.0
dd 9.6 - - 6 456 288.7 2.2
dd 10.4 - - 5 456 288.1 1.7
wd 8 11.3 6.3 16 456 298.7 5.3
wd 8 11.3 3.2 22 456 297.1 7.3
wd 8 11.3 4.4 15 456 299.1 4.9
wd 8 15.8 6.3 12 456 298.2 4.0
wd 8 15.8 3.2 13 456 298.8 4.5
wd 8 15.8 4.4 11 456 296.6 3.5
wd 8 22.6 6.3 15 456 301.0 5.1
wd 8 22.6 3.2 8 456 294.0 2.7
wd 8 22.6 4.4 7 456 295.9 2.5
WW 8 11.3 6.3 74 520 298.7 24.6
WW 8 11.3 3.2 90 520 297.1 30.2
WW 8 11.3 4.4 90 520 299.1 30.0
WW 8 15.8 6.3 80 520 298.2 27.0
WW 8 15.8 3.2 85 520 298.8 28.6
WW 8 15.8 4.4 75 520 296.6 25.2
WW 8 22.6 6.3 83 520 301.0 27.6
WW 8 22.6 3.2 92 520 294.0 31.2
WW 8 22.6 4.4 91 520 295.9 30.9
dw 8 11.3 3.2 78 520 289.8 27.0
6
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Figure S3: Pull-off pressures of wet gecko keratin as a function of Young modulus from the
dry (black) and wet (blue) hydrophobic surface. Difference in the elastic modulus are due
to different hydrophilicities of our wet gecko keratin model.
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Figure S4: Density profiles of the weakly hydrophilic gecko keratin on the wet surface during
pull-off. The 2D density profile of the keratin is shown on the top and the water density
profile is shown at the bottom. Going from left to right density plots were calculated at
different times during the pull-off. The unbinding event, the moment of maximum pull-off
force, is marked in red on the top at a displacement of L = zcom(t) — zcompq = 0.4 nm,
with zcom the position of the center of mass of the top layer nanofibrils. The Gibbs dividing
surface of the alkane tails is shown as a horizontal cyan line. Convex capillary bridges can
be seen in the bottom density profile of water, between the Gibbs dividing surface of the
alkanes and the keratin.
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Figure S5: Density profiles of the strongly hydrophilic gecko keratin on the wet surface
during pull-off. The 2D density profile of the keratin is shown on the top and the water
density profile is shown at the bottom. Going from left to right density plots were calculated
at different times during the pull-off. The unbinding event, the moment of maximum pull-off
force, is marked in red on the top at a displacement of L = zcom(t) — zcompq = 0.37 nm,
with zcom the position of the center of mass of the top layer nanofibrils. The Gibbs dividing
surface of the alkane tails is shown as a horizontal cyan line. The keratin is pulled straight
of the surface, without the formation of capillary bridges.
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4 Conclusions

From Nano to Micro: A Multiscale Journey. This work contributes to the understanding of gecko
adhesive mechanisms and, consequently, may be useful in informing gecko-inspired synthetic
designs with a true multiscale simulation procedure. The most significant contribution to the
literature is a newly found molecular picture enabled by this work’s multiscale simulations. With
the molecular simulations performed during this work, we cover length scales ranging from
atomistic (1 bead = 1 atom) over coarse-grained (1 bead = 1 amino acid) to mesoscale (1 bead
= 1 protein aggregate). The new models and procedures designed and validated by us will
not only allow rapid investigations of new questions concerning gecko adhesion but the here
developed framework for the investigation of adhesion mechanisms can be adapted to study other
dry adhesives.

Challenging Established Ideas: The Discovery of Water-Mediated Adhesion. It is long estab-
lished that an increase in relative humidity of the environment leads to enhanced stickiness of
gecko spatulae. Several mechanisms have been put forward to describe this characteristic. We
challenge the established ideas that capillary forces (i) or material softening (ii) are primarily
responsible for humidity-enhanced adhesion. Instead, this work discovered with coarse-grained
and confirmed with atomistic simulations that water molecules fill into molecular gaps between
surface and spatula and mediate (iii) an increase in the strength and number of attractive interac-
tions between keratin and surface. Water absorbs partially into the spatula interface and leads to
an increase in local density, thus increasing the effective surface energy of the spatula. Filling
molecular gaps (~ 2 nm) smooths the spatula-surface interface and increases the interfacial cont-
act area. While the simulation setup of the atomistic (UA) and coarse-grained (CG) simulations
ruled out capillary forces (i), it demonstrated the same relative increase in stickiness observed
during AFM investigations using single spatulae. Still, since we used explicit water molecules in
these simulations, we were not able to rule out the keratin softening hypothesis (iii) at this point
of the work.

From Naive Extrapolation to Mesoscale Validation. The UA and CG models were used to
simulate the detachment of the keratin protein from an infinite (periodic) surface in vertical
direction. This work developed pull-off procedures for the UA and CG models using 2D periodic
boundary conditions (PBC) parallel to the surface. As simulations are only as good as their
experimental validity, we naively extrapolated these pull-off forces to typical spatula contact areas
to yield the corresponding stickiness of whole spatulae and discovered a systematic overestimation
of the adhesion. The extrapolation would conclude that pull-off forces are hundreds of times
larger than what AFM single-spatula experiments have observed. We then developed a mesoscale
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model of gecko keratin to test whether simple extrapolation was the correct pathway for a validity
check. Using a hybrid bottom-up-top-down coarse-graining protocol, we used UA-model results
as targets for the coarse-graining. With the developed mesoscale spatula model, we showed that
restricting the allowed motions (i.e., the missing peel-off) and not the model parameters are
responsible for overestimating the pull-off forces in 2D PBC. We extracted expected pull-off forces
for single spatulae of around 12 nN (AFM experiments demonstrated a range of 8 to 20 nN).
Thus, the necessary element to validate the pull-off simulations against the experiment is to use
the true shape of a spatula and allow peel-off rather than vertical detachment and extrapolation.
To our knowledge, no other model has been able to bottom-up reproduce experimental gecko
spatula pull-off forces, making the experimental validity of the UA and mesoscale models a major
achievement of this work.

Rapid Model Adaptation Enabled by Machine Learning. To isolate the three primarily discussed
mechanisms underlying humidity-enhanced adhesion, we adjusted the coarse-grained harmonic
interactions within the spatula model to reproduce the elasticity of water-swollen gecko keratin.
Thus, the adapted spatula did not contain explicit water molecules, rigorously ruling out capillary
forces (i) and water-mediation (ii). The elastic constants of water-swollen gecko keratin were
determined by UA simulations in turn. The equilibrium water content at a given relative humidity
was calculated by atomistic grand-canonical molecular dynamics. This work developed a deep
neural network to infer bonded force field parameters that produce the exact target material
properties at specific water contents (and relative humidities). While we only adjusted the bonded
force field, which affect the elasticity of the keratin, the interactions with the surface were kept to
rule out indirect contributions of water particles from the underlying UA simulations.

The Role of Water Mediation in Geckos’ Adhesion on Flat Surfaces. We attached the previously
discussed softened mesoscale spatula model to surfaces with bi-sinusoidal undulation of 16 nm
height and periodicities ranging from infinity to feature sizes smaller than 13% of the spatula pad
area. While AFM experiments reported an increase in adhesion on the hydrophobic flat surface due
to humidity by around 200 to 300%, the implicitly fully ,water-soaked“ spatula attaches better
by just 10%. As a result, we can rule out material softening (iii) as the mechanism underlying
humidity-enhanced adhesion in single-spatula AFM experiments on flat surfaces. Water-mediation
(ii) dominates the humidity-enhanced adhesion of single spatulae at the flat hydrophobic surface
over the entire relative humidity range. Additionally, when the keratin is dry, and the relative
humidity is at 0%, the elasticity particularly contributes to the stickiness. But as the relative
humidity increases and is greater than 0%, water molecules start to appear between spatula and
surface and begin to mediate interactions between them. Thus, as the relative humidity increases
and the water starts to absorb into the spatula-surface interface, water-mediation (ii) becomes
dominant.

The Role of Material Softening in Humidity-Enhanced Adhesion on Nanostructured Surfaces.
While material softening (iii) is not responsible for humidity-enhanced spatula stickiness on flat
surfaces, it increases adhesion by up to 120% under very humid conditions (when the relative
humidity is above 86%) if the characteristic feature length of the surface is smaller than the
spatula. Here, the material softening effect (iii) may be responsible for 1/3 to 1/2 of the increased
single-spatula stickiness compared to the dry condition. The higher flexibility of spatula keratin
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allows it to follow surface features smaller than itself. Finally, capillary bridges are either non-
existent on hydrophobic surfaces at relative humidities smaller than the supersaturation limit
or they are of convex geometry. Depending on curvature, convex capillary bridges can even be
repulsive.[44, 45]

Reconsidering Electrostatic Interactions in Gecko Adhesion. Since experimental investiga-
tions cannot study intra-keratin electrostatic interactions, the prevalent hypothesis claims that
electrostatic interactions play no role in gecko adhesion. Clearly, and supported by our simulati-
ons, electrostatic interactions are relevant at hydrophilic surfaces. Furthermore, we showed that
intra-keratin electrostatic interactions store elastic energy during the pull-off process. This energy
is only recovered after detachment. Independent of water content and surface chemistry, the
total electrostatic contributions are of the same magnitude as the van-der-Waals contributions.
However, they specifically contribute to the stickiness of dry gecko keratin at the hydrophobic
surface.

The Role of Intra-keratin Electrostatic Interactions in Geckos’ Adhesive Mechanisms. Our si-
mulations showed that intra-keratin electrostatic interactions are relevant at hydrophobic surfaces
and store elastic energy during the pull-off process, which is only recovered after detachment.
During the peel-off and pull-off process of a gecko spatula from a surface, the keratin undergoes
elastic deformations. These deformations result from the stretching and bending of the keratin
fibers and amino acid chains as the spatula is peeled or pulled away from the surface. The energy
stored in these elastic deformations is recovered only after detachment is completed. Therefore
the elastic energy contributes to the work of detachment (opposing it), while the recovery energy
does not. These intra-keratin electrostatic interactions, which occur, in part, between charged
and polar amino acid residues within the keratin protein, contribute to the overall stickiness of
the spatula and are essential for its ability to adhere to surfaces. The contributions were found to
be of the same magnitude as the van-der-Waals contributions, and are particular relevant at the
hydrophobic surface.

Water-Mediated Adhesion and the Crucial Role of Electrostatic Interactions at Hydrophilic
Surfaces In addition to the intra-keratin electrostatic interactions, our simulations also showed
that keratin-surface electrostatic interactions are at least as crucial as keratin-surface van-der-
Waals interactions at hydrophilic surfaces. Moreover, a remarkable observation is the modulation
of the water-mediation effect. Water sticks to the keratin at hydrophobic surfaces and opposes
detachment through short-range van-der-Waals interactions between water and the surface.
Conversely, water adheres to hydrophilic surfaces and resists gecko keratin pull-off through van-
der-Waals and electrostatic interactions between it and the keratin. Thus, the water-mediation
effect is modulated by the surface’s hydrophilicity, resulting in different electrostatic interactions
between water, keratin and the surface.
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5 Outlook

In this work, we used multiscale molecular dynamics (MD) simulations to investigate the adhesion
mechanisms of geckos, with a particular focus on the role of water-mediated adhesion. To
accomplish this, we created a united-atom (UA) gecko keratin model and developed a novel
multiscale method that combined bottom-up and top-down approaches. This method allowed us
to use data from the UA model to inform a mesoscale coarse-grained gecko spatula model. This
method demonstrated good accuracy in predicting stickiness and reproducing experimental atomic
force microscopy (AFM) results of single spatulae. Our findings challenge the established ideas on
humidity-enhanced adhesion and the relevance of electrostatics. In particular, our simulations
demonstrate the effect of water-mediated adhesion, the relevance of intra-keratin electrostatic
interactions, the modulation of the water-mediated effect at hydrophilic surfaces, and their
contribution to the overall stickiness of the spatula.

This outlook will discuss the potentials of this work, possible avenues for research in gecko-inspired
adhesives, including further studies on gecko adhesion mechanisms, open-questions and a call to
further collaborate across disciplines.

The general potentials of this work in the future are:

* Extending our understanding of adhesion mechanisms: By using multiscale MD simulations
to investigate the adhesion mechanisms of geckos, this thesis may contribute to the broader
field of biological dry adhesion science. Some of our findings may help inform future research
on dry adhesion, including developing new theories and models, especially considering
humidity-enhanced adhesion and intra-keratin elasticities.

* Improving the accuracy of adhesive simulation methods: Our multiscale method demonstra-
ted a way to incorporate data from different modeling scales in a straightforward manner for
investigating gecko adhesion using molecular dynamics. This method could be adapted and
applied to other dry adhesives to model their stickiness, for example, plant-based pectin, by
considering their unique properties and characteristics. Combining bottom-up and top-down
approaches could prove to be a valuable strategy to simulate and understand the adhesive
properties of other mesoscale or microscale adhesive systems, as they are present in spiders,
insects, plant seeds or even synthetic gecko-inspired adhesives. Moreover, we developed
a procedure that enables the extrapolation of pull-off pressures obtained from nanoscale
two-dimensional periodic boundary condition simulations to larger-scale mesoscopic and
microscopic adhesive systems.
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* Inspiring interdisciplinary research: This study combines knowledge and techniques from
various disciplines, including materials science, biology, biophysics, and computational
chemistry. As such, it may inspire interdisciplinary collaborations between researchers in
these fields.

Despite our advances in this field, many unanswered questions regarding gecko adhesion still
need to be answered. This section will first focus on the more pressing questions and provide
possible avenues to address them. We will then list the remaining questions that still require
further investigation.

Validation and Verification. While the simulations presented in this work demonstrate good
accuracy, more work should be done to verify the results against more complex experimental
setups. We propose to use high-speed AFM to verify the extrapolation regime of our mesoscale
spatula work, in essence, we propose to compute the pull-off forces at near-MD loading rates
using single-spatula AFM. Moreover, comparing results from single-spatula AFM at ultra-flat
hydrophobic surfaces at extremely low humidities against simulations with the same humidities
could clarify the scaling law of the water-mediation effect on adhesion.

Investigating the Stickiness of other Gecko Keratin Proteins. This works multiscale pipeline
generates amorphized amino acid sequence-based adhesives on top of hydrophilic and hydrophobic
surfaces. We focused on the Ge-cprp-9 protein that is located at the spatula-air interface. Further
studies should be conducted on the other 15 cysteine-rich gecko proteins using our multiscale
method to explore their adhesion potential. Suppose we would know the stickiness of all the
gecko keratin proteins. In that case, analyses can correlate their stickiness with their amino acid
sequence properties, including the distribution of hydrophobic and hydrophilic amino acids and
charged and uncharged residues, and determine the key factors contributing to their adhesion.
This information may provide usefulness to further elucidate the evolution of gecko adhesion
and may be useful in the development of gecko-inspired adhesives through the development of a
strong understanding of the correlation between sequence chemistry and stickiness.

Can the United-Atom Keratin and Mesoscale Spatula Models be Combined using an Adaptive
Resolution Coarse-Graining Approach? One avenue worth pursuing would be to combine the
different model resolutions, which would enable to investigate peel-off at a united-atom resolution.
The united-atom gecko keratin model could be bottom-up coarse-grained using methods like
adaptive resolution coarse-graining. The UA model would be coarse-grained with decreasing
mapping resolution as a function of distance to the surface. The united-atom region directly
in contact with the surface would be unchanged. Since the change in resolution would create
discontinuities if the differently resolved regions were directly interfaced, transition regions would
be needed. There are two main challenges: 1) What bottom-up coarse-graining method would be
best utilized for a non-equilibrium simulation of, effectively, a highly cross-linked elastomer? 2)
How should the parameters of the transition regions, which need to be small enough to provide
a smooth transition but large enough to avoid a sudden discontinuity, be defined? Two ways to
approach these problems would be to rely on a trial-and-error approach or optimization methods,
like the cost-effective Bayesian optimization, which is particularly suited for optimizing high-cost
functions like MD simulations, to find the best setup.
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Manufacturing of Copolymers for Gecko-Inspired Synthetic Adhesives. Gecko-inspired adhe-
sives have shown promise in the laboratory, and further research may reveal their potential in
various applications. Novel gecko-keratin-inspired copolymers could potentially be developed.
Currently, it is thought that gecko-inspired adhesives may be useful in a range of applications,
including medical devices and robotics. Less apparent applications may include products for
home decor or reversible mounting solutions. Our discovery of the water-mediation effect and
intra-keratin electrostatics has shown that these are key driving forces of gecko spatula stickiness.
However, developing gecko-keratin-inspired copolymers requires careful design to achieve these
properties. A multiscale simulation strategy may be able to optimize the design of these copolymers
with tailored monomer sequences that accomplish water-mediated adhesion and intra-polymer
electrostatics to a similar extent as in gecko keratin. To achieve this, our united-atom pipeline
must first be adapted such that the automated model creation pipeline creates monomer sequen-
ces instead of amino acid sequences. Furthermore, the mesoscale model is currently modelling
the shape of a gecko spatula. This shape needs to be adapted to shapes that can be achieved
experimentally (i.e., angled mushrooms tips, pillars, microwedges, nanoforests).

Other Species with Dry Adhesion: Exploring Differences and Similarities in their Adhesion
Mechanisms. Exploring the adhesion mechanisms of other species that exhibit dry adhesion can
provide valuable insight into other working strategies. Comparative studies can examine and
contrast the adhesion mechanisms of different species, elucidating differences and similarities
and identifying the factors that impact their adhesion. While our multiscale pipeline may be a
useful approach in investigating the adhesion mechanisms of other species, it is important to
note that the multiscale approach needs to be customized for each adhesive system with a new
united-atom model. If the adhesive system comprises an amorphous protein-based material, then
our amorphization and multiscale protocol can be directly applied. This protocol involves using
a self-avoiding random walker to place amino acid chains inside a simulation box, followed by
an amorphization process to equilibrate the system. However, our amorphization protocol is not
suitable for systems that feature a specific, well-defined three-dimensional structure.

Further, exciting but unanswered questions related to our work are:

* How can surfaces be modified to prevent spiders and other insects from climbing walls and
stairs in residential environments?

* Can the simulations be extended to consider the behavior of gecko-inspired synthetic
adhesives in real-world conditions?

* How can the results of the simulations be validated against more complex experimental
setups, such as actual gecko movement?

* How does the molecular structure of gecko keratin change over time, for example, due to
wear and tear or changes in the environment?

* Is it possible to integrate finite element simulations and molecular dynamics in order to
simulate the complete setae, including the spatula?
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* Can X-ray photoelectron spectroscopy (XPS), single-spatula AFM, and scanning tunneling
microscopy (STM) improve MD simulations and enable the investigation of the impact of
surface chemistry and water on stickiness using more realistic surfaces?

* How does temperature affect the water-mediation effect?

* Does the dampening of the gecko keratin chain mobility suggest the involvement of entropy-
based adhesion mechanisms?

» Utilizing multiple different force fields, what is the extent of uncertainty in the balance
between the various energetic interactions at the spatula-surface interface?

* What is the role of capillary forces at hydrophilic surfaces in very humid environments?

In summary, the outlook for future research in gecko adhesion and gecko-inspired adhesives
is broad and promising. From investigating gecko adhesion mechanisms at different scales to
developing new materials and designs inspired by gecko stickiness, the potential for invention in
this field is extensive. As we move forward, it will be essential to continue acknowledging the
current research’s limits and challenges while working to overcome them through interdisciplinary
cooperation.

In closing, this thesis represents a substantial step forward in understanding gecko adhesion
mechanisms. It has the potential to inspire further research that focuses on the water-mediation
effect and the usage of multiscale simulation approaches for mesoscale to microscale adhesion
systems. One crucial element of success is that we collaborate across disciplines to apply our
knowledge and models together, as we have demonstrated in this work.
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