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ABSTRACT: The force-induced desorption of single peptide
chains from mixed OH/CH;-terminated self-assembled
monolayers is studied in closely matched molecular dynamics
simulations and atomic force microscopy experiments with the
goal to gain microscopic understanding of the transition
between peptide adsorption and adsorption resistance as the
surface contact angle is varied. In both simulations and
experiments, the surfaces become adsorption resistant against
hydrophilic as well as hydrophobic peptides when their contact
angle decreases below 6 = 50°—60°, thus confirming the so-called Berg limit established in the context of protein and cell
adsorption. Entropy/enthalpy decomposition of the simulation results reveals that the key discriminator between the adsorption
of different residues on a hydrophobic monolayer is of entropic nature and thus is suggested to be linked to the hydrophobic
effect. By pushing a polyalanine peptide onto a polar surface, simulations reveal that the peptide adsorption resistance is caused
by the strongly bound water hydration layer and characterized by the simultaneous gain of both total entropy in the system and
total number of hydrogen bonds between water, peptide, and surface. This mechanistic insight into peptide adsorption resistance
might help to refine design principles for anti-fouling surfaces.

INTRODUCTION

Understanding protein—surface interactions is important in
diverse fields ranging from nanotechnology to medical
engineering, essentially because control over specific and
nonspecific protein adsorption is fundamental in all situations
involving contact of surfaces with biological fluids. Examples
include biosensors monitoring protein adsorption,' sensitive
solid-phase immunoassays that are designed to retain selectivity
even at large protein concentrations,” solid-phase supports for
the growth of adhering cells,® and the initial stage of blood
clotting involving adsorption of proteins to collagen.” In some
situations the adsorption of certain proteins is desired;
however, in the search for biocompatible implants and non-
fouling (i.e., protein-resistant) surfaces, understanding how to
prevent the adsorption of proteins is the ultimate goal. Current
research targets the adsorption behavior of various biopol-
ymers, peptides, proteins, cells, and whole organisms on
different inorganic and biomimetic surfaces and addresses the
underlying mechanisms in order to develop a deeper
understanding of the surface characteristics that are key to
inhibit the adsorption of biomatter™® or at least reduce the
surface propensity such that the adsorbents can be removed
easily by shear force.”

19628

The classical examples for surface coatings providing
adsorption resistance in biomedical applications are brush-like
films of poly(ethylene glycol) (PEG), which are chemically
quite inert, water-soluble, and non-toxic. The adsorption
resistance of such PEG brushes was rationalized by steric
repulsion effects.® The focus of recent research gradually moved
toward low-molecular surface functionalizations and the
atomistic mechanisms behind the coupling of surface chemistry,
interfacial water properties, and adsorption propensity. A major
experimental breakthrough was achieved with the use of self-
assembled monolayers (SAMs) for protein adsorption stud-
ies,”'* which allow control of the surface charge independently
from the surface hydrophobicity, by the use of which basic and
generic rules are extracted: It was found that, for small proteins,
the adsorption is stronger for hydrophobic surfaces, while
hydrophilic surfaces are generally more resistant to adsorp-
tion.”'® To a first approximation, the adsorption resistance of a
surface can be classified by the water contact angle 6. In fact,
the transition from hydration repulsion to hydrophobic
attraction occurs at a broadly defined contact angle of 6 ~
60°, which is sometimes referred to in the literature as the Berg



limit>"' Above the Berg limit, i.e., for hydrophobic surfaces,

small proteins generally adhere, while below it, ie, for
hydrophilic surfaces, small proteins adsorb much more
weakly."> For larger proteins, the correlation between contact
angle and adsorption propensity is less clear, which is
rationalized by the ability of large proteins to partially unfold
or refold upon adsorption.'>'* Interestingly, SAMs presenting
oligo(ethylene glycol) (OEG) were demonstrated to be
particularly protein resistant, also for large proteins.'® But the
surface contact angle is clearly not the only parameter
determining the protein adsorption. The type of hydrogen
bonds (HBs) a surface can form is important: it was found that
HB—acceptin$ surface groups are more potent protein repellers
than donors,” but again there are many examples of exceptions
to this rule, such as SAMs presenting mannitol groups, which
are as efficient as OEG groups in preventing protein adsorption
with the additional advantage of increased long-time stability."®
In a different study, it was found that zwitterionic SAMs in
general adsorb less proteins than SAMs with a non-zero net
surface charge density."”

When it comes to cells and organisms, the situation becomes
less clear: It is generally believed that the ability of a given
surface to resist the adsorption of proteins is a prerequisite for
prevention of unwanted cell adhesion, and indeed good
correlation between protein adsorption resistance and settle-
ment and adhesion prevention of eukaryotic algal cells was
found.*'®'® But there is no clear correlation between bacterial
cell spreading and protein adsorption resistance on the one
hand or between bacterial and mammalian cell spreading on the
other hand®® In fact, protein-resistant surfaces have, on the
contrary, been argued to be very eflicient activators of blood
coagulation and mammalian cell attachment.’> An additional
complication when it comes to organisms is that one has to
distinguish the initial stage of adhesion from the later stages,
which include secretion of binding proteins and extensive active
surface remodeling, resulting in enhanced resistance to shear-
induced desorption. In this context one also has to discriminate
static from dynamic adsorption, since for, e.g, the diatom
Amphora, a stronger adhesion under shear stress is found on
hydrophilic OH-terminated SAMs,'® reminiscent of shear-
induced adsorption phenomena found for the von Willebrand
factor in the bloodstream* or catch bond behavior.' In light of
this, it is interesting to note that HBs are, in terms of their
equilibrium free energy of formation, not much stronger than
the binding between hydrophobic groups, but once formed,
HBs tend to break much more slowly and produce more
dissipative friction effects.”*??

In efforts to unravel the mechanism behind the extraordinary
protein resistance of OEG SAMs, the OEG chain conformation
was revealed to be linked to the protein adsorption character-
istics and the way water is incorporated into the interfacial layer
by a combination of various experimental and theoretical
techniques.”*™>® The protein-resistant forces were shown to
have a considerable electrostatic contribution,”” which in turn
was used to prevent spore settlement and adhesion by
application of a suitable surface potential.”®

In a first step of a bottom-up approach to control protein
surface interactions, simple model systems consisting of short
oligopeptides at unstructured solid surfaces are typically
considered, thereby circumventing both protein refolding
upon adsorption as well as complications due to the surface
hydration and swelling (which are both basically unsolved
problems by themselves).”” > First theoretical insight into

19629

peptide—surface interactions was gained by solvent-implicit
modeling,®® but since the explicit water structuring at the
interfaces is crucial for discriminating the interactions between
surfaces in water,34_36 all current simulation studies involve
explicit water.”*”~*!

In a particularly suitable model system that allows for direct
comparison of experimental and simulation results, a single
peptide chain is covalently attached to an atomic force
microscope cantilever tip, and the desorption force from a
surface, which corresponds to the equilibrium adsorption free
energy of a single peptide chain per unit length, is measured.
Using this setup in combined experimental/simulation studies,
the hydrophobic interaction was shown to involve massive
cancellation of various contributions, the effect of cosolutes on
polymer—surface adhesion was determined, and the temger-
ature dependence of the hydrophobic effect was studied.*~**
In the present work, we use the same approach and investigate
the desorption of various homopeptides, differing in their side-
chain hydrophobicity, from hydrophobic CH;-terminated and
hydrophilic OH-terminated SAMs as well as mixed SAMs
employing a combination of explicit-solvent molecular
dynamics (MD) simulations and experimental single-molecule
atomic force microspectroscopy (AFM). Our study is similar to
two previous simulation works: in the first, the adsorption of
the whole suite of single amino acids on a metal surface was
determined;® in the second, five different amino acids were
incorporated in a short host—guest peptide sequence, and the
adsorption free energy on nine different functionalized SAMs
was determined*® and favorably compared with corresponding
experimental results.>>* In our study, we are particularly
interested in the change of adsorption strength as the
hydrophilicity of the peptide side chain and the polarity of
the surface are varied. We find the adsorption on relatively
hydrophobic surfaces to be stronger for hydrophobic amino
acids and reduced for polar ones. Simulations show the
discriminating factor responsible for this trend to be the
entropy, in line with common expectations based on the
hydrophobic effect. In qualitative agreement with the above-
mentioned experimental protein adsorption studies, we find the
adsorption strength for a given homopeptide species to be
reduced as the surface becomes more hydrophilic. Below a
certain threshold value of the surface contact angle, the
adsorption turns into repulsion: this critical angle is found to be
0 = 50° in both simulations and AFM experiments, depending
only weakly on the peptide type, thus in perfect agreement with
the Berg limit established in the context of protein adsorption
resistance. As a novel approach to probe adsorption resistance
in simulations, we push peptides against the strongly bound
hydration water layer at a polar surface. By doing so, the
interfacial water structure and binding is shown to be pivotal for
understanding this rather sharp crossover from adsorption to
desorption as the surface polarity is increased.

METHODS

Simulations. MD simulations at fixed particle number N and
constant temperature T = 300 K employing the Berendsen scheme
with a time constant 7, = 0.1 ps are performed using the Gromacs
simulation package.46 The SAMs consist of a 10X8 grid of C,Hy,
alkane chains with a lattice constant that represents the spacing on a
gold (111) surface, yielding a 30° tilt angle of the alkane strands. For
the most hydrophobic surface, all chains are terminated by CHj,
groups, while for the most hydrophilic surface, all chains are
terminated by OH groups. We also prepare mixed SAMs consisting
of OH fractions of ® = 5, 11, 17, 33, and 66%, where OH groups are



arranged on regular lattices. All atoms of the SAMs are fixed during the
simulations, and the surface OH groups point in one direction. The
dependence of interfacial water properties on density, spatial
distribution, and an_;ular orientation of surface OH groups has been
studied previously.*” Each terminal CH; group carries a small partial
charge of —0.014e. The partial charges on the OH group are C,
0.286e; O, —0.734e; and H, 0.408e, identical to the partial charges
used in ref 48. We consider the homopolypeptides alanine (A), glycine
(G), glutamic acid (E), lysine (K), proline (P), phenylalanine (F),
asparagine (N), tyrosine (Y), and valine (V) and the polypeptide
(GVGVP);. All uncharged homopeptides consist of 12 amino acids.
The charged peptides E and K consist of 11 amino acids. According to
the pK values of E (pK, = 4.25) and K (pK, = 10.53), the dissociation
degree of these peptides at pH 7 is reduced to around 0.5.**°° We
therefore charge only S out of 11 residues in an alternating
arrangement of charged and uncharged variants of the residues.
Note that charge regulation close to low-dielectric substrates leads to
an additional decrease of the fraction of charged monomers,”° which
however is neglected in our present treatment. In the simulations, we
add neutralizing counterions to the charged peptides but no additional
salt. All amino acid termini are capped to mimic an infinite peptide
chain and to prevent interactions of the charged amino or carboxyl
moieties with the surface. The force field parameters for the peptide
and the surface atoms are taken from the Gromos96 version S3A6
force field.*' The particle-mesh Ewald method is used for the periodic
treatment of Coulomb interactions, and bonds to hydrogen atoms are
constrained by using LINCS.> Initially, the peptide is placed in the
simulation box above the surface before the cell is filled with SPC
water. To equilibrate the system, we first perform an energy
minimization of the system. In the second step the peptide is
accelerated toward the surface by a constant acceleration of 1 nm/ps®
for 200 ps. In the third step the acceleration is turned off and the
system is relaxed by a 10-ps NVT simulation. In the fourth
equilibration step simulations of 10 ns are done employing the
Berendsen scheme with semiisotropic pressure coupling with time
constant 7, = 1 ps, a reference pressure P, = 1 bar,> and an isothermal
compressibility of 4.5 X 1075 bar™' (NAP,T simulation). During step
four, peptides adsorb readily on the hydrophobic surface, while most
peptides desorb spontaneously from the hydrophilic surface (see
Supporting Information). In the dynamic pulling simulations
mimicking the AFM experiments, the peptide is pulled vertically
away from the surface with constant pulling velocity. The setup is
shown in Figure 1D. To accomplish this, a harmonic restraint potential
with spring constant k = 166 pN/nm is applied on the z-coordinate,
acting only on the center-of-mass of the first residue of the peptide and
leaving the lateral coordinate unperturbed. The center of the restraint
potential is moved with constant velocity v in the z-direction away
from the surface. The zero point of the z-coordinate is defined by the
position of the surface, i.e., the position of the C-atoms or the O-atoms
of the CH;-terminated SAM or the OH-terminated SAM, respectively.
The pulling force F is calculated from the averaged extension of the
spring. The pulling is done until the peptide is completely desorbed
from the surface. Every simulation is repeated at least once with a
different starting conformation. In situations where the peptide chain
desorbs from the surface during the equilibration phase (in particular
for the hydrophilic surfaces), we use the last surface-adsorbed state
from the equilibration phase as a starting configuration for the
subsequent pulling simulations, which are not analyzed further since
the adsorption force averages out to zero. The pulling velocity in our
simulations is much higher than in experiments; in order to ensure that
our simulations are well equilibrated and dissipative effects are
irrelevant, we perform in addition to the dynamic pulling simulations
static pulling simulations in which the restraining potential is kept at a
fixed position for 20 ns. The starting configurations are obtained
within the dynamic simulations at v = 0.1 m/s pulling rate. The static
simulations are done for all peptide extensions from the adsorbed to
the desorbed state with a step size of 0.1 nm. The static pulling force is
averaged over the last 15 ns in these static simulations, discarding the
first S ns for equilibration, and the free energy is obtained by
integrating the force along the pulling path. The internal energy
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Figure 1. Simulated force—extension curves for polyalanine at the
hydrophobic SAM using different initial configurations and different
pulling velocities: (A) v =10 m/s, (B) v = 1 m/s, (C) v = 0.1 m/s.
Open circles in panel C denote static simulations results; here both
pulling protocols give the same mean force of about F = 17.3 pN when
averaged over the separation z. (D) Schematic setup, showing a
simulation snapshot of an N = 12 polyalanine chain pulled by a
moving harmonic spring away from a hydrophobic CH;-terminated
SAM. Water molecules are not shown for clarity. The simulation
snapshot is taken from the static simulation shown in panel F for z =
1.5 nm surface separation at time ¢ = 18.63 ns. (E) Desorption force of
polyalanine for the dynamic pulling protocol with v = 0.1 m/s at the
hydrophilic surface (solid lines). The average desorption force from
the static simulations (open circles) is zero. (F) Force as a function of
time for the static simulation at the hydrophobic surface for z = 1.5 nm
separation of the pulled peptide end from the surface.

contributions are obtained as time averages over the last 15 ns of the
static simulations. The energy difference of the surface-adsorbed state
and the state where the peptide is in a partially desorbed stretched
configuration is calculated from linear regression over different surface
separations (details are given in the Supporting Information). We
determine the surface wetting coefficient k = cos 6 from the interfacial
tension of the solid—water (yy), solid—vapor (), and vapor—water
(74) interfaces by the Young equation cosf = (y,, — 74)/¥u- The
surface tensions are obtained from S ns simulations as the difference
between the pressure tensor components normal and parallel to the
interface. Hydrogen bonds are defined according to the distance angle
criterion for donor—acceptor distances <0.35 nm and angles <30°.
Error bars reflect standard deviations of suitably partitioned simulation
data.

Experiments. For SAM preparation the glass slides are sonicated
for 15 min in a 2% Hellmanex (Hellma GmbH & Co. KG, Muhlheim,
Germany) solution and then twice in ultrapure water. Dried glass
slides are coated with a 10 nm chrome nickel layer and a 100 nm gold
layer using a vacuum coater (Edwards GmbH, Kirchheim, Germany).
After these slides are cleaned with RCA solution (v:v:v 5:1:1 of water,
32% ammonia, 35% hydrogen peroxide) at 70 °C for 15 min, they are
rinsed with ultrapure water and dried under a stream of nitrogen.
Hydrophobic SAMs are prepared by immersing gold-coated slides for
12 h in ethanol with 2 mM 1-dodecanethiol. By contrast, mixed SAMs
are prepared by immersing gold-coated slides for 12 h in chloroform
with an appropriate mixture of 11-mercapto-l-undecanol and 1-
dodecanethiol.>* After incubation, the SAM-coated gold slides are
rinsed with ethanol and chloroform, respectively, and subsequently
with water. Finally, they are dried under a gentle stream of nitrogen.
For contact angle measurements we use a home-built goniometer



equipped with a CCD camera. Drop angles are recorded and
determined with the analysis plugin® for the Java-based freeware
Image]. For determination of the angles, a polynomial is fitted to the
edge of the droplet. The contact angles are determined at least five
times at different positions of each sample, before as well as after the
experiment. AFM measurements are performed with a MFP-3D
instrument (Asylum Research, Santa Barbara, CA) using silicon nitride
cantilevers (MLCT-AUHW from Veeco, Santa Barbara, CA). The
measurements are done in a closed fluid cell at room temperature.
During indentation of the functionalized tip with a dwell time of 1 s,
the peptides are allowed to adsorb on the surface. The tip is then
retracted with a constant velocity of 0.5 pm/s. Force—extension traces
are obtained from the deflection piezopath signal as described
before.”® The traces are taken at least at three different positions on
the surfaces. The measured plateaus represent a steady-state
desorption process* and are clearly distinguished from unspecific
adhesion peaks that occur in the proximity of the substrate and from
stretching or rupture events, as described in ref 56. A minimal plateau
length of 50 nm is required and used to eliminate pseudoplateaus
resulting from the adsorption of linker polymers on the surface.
Force—extension traces are analyzed by self-written routines using Igor
Pro (Wavemetrics). The height of a sigmoidal fit to the plateau region
corresponds to the desorption force. The AFM measurements are
done for poly-D-tyrosine (40—100 kDa, Sigma-Aldrich, Germany),
poly-L-lysine (30—70 kDa, Sigma-Aldrich, Germany), and poly-L-
glutamic acid (50—100 kDa, Sigma-Aldrich, Germany) in 1 M NaCl
solution; a few control measurements were done at zero salt
conditions. The different molecular weights in experiments and
simulations are not a concern, since for strongly adsorbing polymers
the desorption process when a polymer is peeled off from one end is
localized and only involves the monomers in the region where the
adsorbed and the stretched peptide sections meet.* Absolute plateau
force values are directly influenced by the uncertainty and systematic
error in the determination of the cantilever spring constant. As a
consequence, the absolute force error is around 10%, while the relative
uncertainties are around 2% when one and the same cantilever is used,
as argued previously.””

RESULTS AND DISCUSSION

Peptide Adsorption on Hydrophobic and Hydrophilic
Surfaces: Simulations. Dynamic versus Static Pulling
Simulations of Polyalanine. Figure 1A—C shows force—
extension curves for polyalanine at the hydrophobic SAM for
three different pulling velocities v obtained by simulations in
the dynamic pulling protocol. At the largest pulling velocity of v
= 10 m/s in Figure 1A, the desorption process is far from
equilibrium, and different initial configurations result in
different desorption forces. With decreasing pulling velocity,
friction effects diminish and the mean desorption force
decreases. The dynamic results for the slowest pulling velocity
v = 0.1 m/s (solid lines in Figure 1C) are in good agreement
with the static simulation results (open points in Figure 1C),
which result from averaging the force acting on the peptide
terminus held at fixed separation z from the surface; both
pulling protocols give a mean force of about F = 17.3 pN when
averaged over the separation z. A representative trajectory from
the static pulling protocol is shown as a function of time in
Figure 1F for a fixed height of the pulled terminal amino acid
from the surface of z = 1.5 nm. The good agreement between
dynamic and static simulations demonstrates that for v = 0.1 m/
s dissipative contributions are small and pulling occurs in quasi-
equilibrium. This also means that, on the hydrophobic surface,
the dynamic pulling simulations can at low velocities be directly
compared to AFM experiments, even though the pulling rates
in experiments are in the ym/s range and thus S orders of
magnitude smaller. In contrast, friction on a hydrophilic surface
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can for more polar peptides (such as polyglycin or spider silk)
be orders of magnitude larger if hydrogen bonding between the
peptide and the surface occurs, and therefore equilibration can
be a subtle issue on polar surfaces.””>* But as we show in this
paper, peptides tend to not adsorb on the very hydrophilic
surfaces, so equilibration issues arise only on mildly polar
surfaces. In fact, in Figure 1E we show dynamic and static
pulling simulation results on a 100% OH-terminated SAM: the
mean force is zero and the peptide never adsorbs on the
surface. This is an example for the experimentally well-known
peptide adsorption resistance of polar surfaces, which will be
amply discussed below. Force—extension curves for all other
homopeptides on hydrophobic and hydrophilic surface are
shown in the Supporting Information.

Adsorption for Varying Side-Chain Hydrophobicity. In

Figure 2A we compare the averaged desorption force from the
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Figure 2. Simulated average desorption force obtained using the static
pulling protocol in dependence of the side-chain hydrophobicity scale
hg at the hydrophobic fully CHy-terminated SAM (A) and at the
hydrophilic fully OH-terminated SAM (B). The hydrophobicity scale
of homopeptides is taken from ref 58. The hydrophobicity of
(GVGVP); (denoted by green circles) is taken as the weighted average
of hg for the individual residues.

hydrophobic SAM obtained with the static pulling protocol for
all 10 different peptides considered in the simulations. The data
are plotted as a function of the side-chain hydrophobicity scale
hg derived by Black and Mould.>® This scale uses the
hydrophobic fragmental constants f, from ref 59 to calculate
the partition coefficient P for the 20 standard amino acids,
which is defined as the ratio between the amino acid
concentrations in octanol, ¢, and in water, ¢ . Using the
additivitiy assumption for all atomic groups, log P follows as the
sum of the hydrophobic fragmental constants f, and the
number of moieties of a certain species M,:>’

logP = log(coct/cwater) = Z M"f” ( )
- 1

Finally, the hydrophobicity scale hg results from log P by a
linear rescaling in the range from zero (most hydrophilic
residue) to unity (most hydrophobic residue). As seen in
Figure 2A, the desorption force tends to increase with
increasing side-chain hydrophobicity, but there are also
pronounced exceptions to this trend, especially for proline
(P) and tyrosine (Y). In contrast, on the very hydrophilic
surface corresponding to complete hydroxylation @ = 100%,
the desorption force is essentially zero, independent of the side-



chain hydrophobicity, as shown in Figure 2B. The only
exceptions are tyrosine (Y) and glutamic acid (E): For tyrosine
we find weak adsorption with a force of about 4 pN. This weak
adsorption is due to the rather specific interactions of the side-
chain OH group with the surface, which is appreciated by
comparison with phenylalanine (F), which differs from tyrosine
only by the absence of the side-chain OH group, and for which
the adsorption vanishes altogether. For glutamic acid (E) the
desorption force at the hydrophilic OH-terminated SAM
strongly depends on the initial configuration, and we therefore
present two data points, one corresponding to a hydrogen-
bonded surface adsorbed state and the other corresponding to a
state that suffers from strong image-charge repulsion. The two
states are separated by a pronounced barrier (details are given
in the Supporting Information). Our results in Figure 2 agree
with expectations: all peptides adsorb on hydrophobic
substrates, and the adsorption strength increases with
increasing side-chain hydrophobicity, as would follow from a
purely hydrophobic adsorption mechanism. On the hydrophilic
surface, adsorption does not take place, with the only exception
being side-chain structures that are able to directly fit into the
polar-surface hydrogen-bonding pattern, but even for these
cases (Y and E) the adsorption is weak.

Test of Additivity Approximation. Additivity approxima-
tions are commonly used for quick estimates of effective
binding energies between ligands, receptors, or surfaces. In the
extreme case, effective binding energies between macro-
molecules are constructed by individually adding van der
Waals, hydrogen-bonding, ion-pairing, solvation, and hydro-
phobic contributions of different surface groups based on the
assumption of group additivity. There are cases when such
approximations must fail, for example, when a protein refolds or
restructures upon binding in a cooperative manner,”’ but in the
present case of an oligopeptide flatly adsorbing to a hard
surface, the additivity assumption could a priori work. In order
to carry out a quantitative test, we determine in simulations the
mean desorption force for the polypeptide (GVGVP),, which
turns out to be F = 30 pN on a fully hydrophobic surface and is
shown in Figure 2A by a green circle. The weighted average of
the desorption forces of the individual amino acids on the
hydrophobic surface, according to F = (2F; + 2F, + Fp)/S,
results in a mean force of F = 33 pN. Both results are in good
agreement, which demonstrates that the adsorption force
contributions of single amino acids are independent, and the
results for homopeptides can be used to estimate the
desorption forces for unstructured oligopeptides, in agreement
with previous findings and assumptions.’’ This result is
particularly significant since the individual adsorption forces
of the amino acids G, V, and P are quite different, as seen in
Figure 2A. As stated above, this simple additivity approximation
fails when protein restructuring upon adsorption occurs or
when not all amino acids are in contact with the surface. In
these cases, the actual configurations in the surface-adsorbed
state must be known in order to account only for those residues
in surface contact.

Energy and Entropy Decomposition. Solvation effects are
essential for understanding effective interactions between
macromolecules in water.>*">® Due to the typically compensat-
ing nature of solvent, surface and peptide interaction
contributions, very high precision in each single contribution
is needed even for the qualitatively correct prediction of
effective net interactions between a peptide and a surface.”* In
order to investigate how energy compensation depends on the
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side chain hydrophobicity, we show in Figure 3A the individual
energetic contributions stemming from the interactions

Figure 3. Simulation results on the hydrophobic SAM. (A)
Decomposition of the simulated total internal energy per monomer
U of the different homopeptides into interaction contributions
involving peptide (P), water (W), and surface (S), according to U =
Upp + Uww + Ups + Usw + Upw. The inset shows a snapshot of the two
reference states, the surface adsorbed configuration and the stretched
configuration. The peptides are ordered according to increasing side-
chain hydrophobicity hg from left to right. (B) Total internal energy
per monomer U, free energy of desorption A, and entropic
contribution —TS. For direct comparison the peptide—peptide
contribution Upp is reproduced.

between peptide (P), surface (S), and water (W) for the
hypothetical process of bringing the peptide from the
configuration where it is completely adsorbed on the
hydrophobic surface into the stretched configuration where
the peptide is only adsorbed with its terminal end (see inset of
Figure 3A for a schematic illustration). The total internal
adsorption energy per residue is decomposed according to U =
Upp + Uy + Upg + Ugw + Upw. Note that since we calculate
the energy difference between two different states, all energy
contributions (and in particular Uyyy) are independent of the
total number of water molecules in the simulation box. The
total internal energy U, the total free energy A, and the entropic
contribution —TS are shown in Figure 3B. The charged
peptides E and K as well as asparagine (N) are excluded from
this comparison since their behavior complicates internal
energy prediction (details are given in the Supporting
Information). The other peptides are ordered according to
the side-chain hydrophobicity scale hg. In agreement with
previous simulation results,”” the water—water Uy, and
peptide—surface Upg contributions are positive (i.e.,, pushing
the peptides onto the surface) and larger in magnitude than the
total energy U, clearly demonstrating that van der Waals
interactions between peptide and surface, included in Uy, as
well as solvation effects, included in Uy, are important.
However, these positive contributions are largely canceled by
the negative surface—water Ugy and the peptide—water Upy
contributions, which favor the solvated (i.e., desorbed) state.
Comparing different peptides in Figure 3A, we find that all
interactions increase monotonically in magnitude with
increasing hydrophobicity except for the peptide—peptide
contribution Upp. The monotonic increase with hydrophobicity
can be traced back to the increasing volume (or, equivalently,
the solvent-accessible surface) of the side chains as the



Figure 4. (A) Experimentally measured average plateau forces (left axis) of polylysine (K, filled green triangles), polytyrosine (Y, filled red circles),
and polyglutamic acid (E, filled blue diamonds) from mixed OH/CH; SAMs as a function of the wetting coefficient k = cos & in 1 M NaCl salt
solution. The data sets for polylysine and polytyrosine were taken with one cantilever each. Each data point represents a mean plateau force value
calculated from about 100 force extension curves. The data for polyglutamic acid result from several cantilevers, and each data point is derived from 1
to 14 different experiments containing about 100 force—distance curves each. Error bars reflect standard deviations. All force values shown represent
plateau values as exemplified in panel B. The gray area in panel A denotes the region of vanishing peptide adsorption. The percentage of force
measurements that exhibit a plateau curve (relative to the overall number of measured force extension curves, right axis) is shown as open symbols,
with solid curves added to guide the eye. As the surface becomes more polar (large wetting coefficient), the fraction of force traces that exhibit a
plateau strongly decreases. (B) Representative force—extension curve for polyglutamic acid on a hydrophobic entirely CH;-terminated SAM with a
wetting coefficient k = —0.13 or contact angle & = 98° in 1 M NaCl and (C) on a mixed OH/CHj; SAM (prepared from a bulk alkane chain mixture
with 75% OH and 25% CHj chains) with wetting coefficient k = 0.79 or 6 = 38° (note the different z-scales). In panel C, beyond the unspecific

adsorption at small separation, no plateau force is obtained.

hydrophobicity increases: larger side-chain volume means more
binding with water and surface sites (see Table I in the
Supporting Information for a list of side-chain volumes).

No clear trend for the resulting total internal energy in
Figure 3B is observed, although the individual contributions in
Figure 3A do show clear trends. This is not surprising, given the
massive cancellation of the individual contributions. In fact, the
total energy shows a minimum as a function of the side-chain
hydrophobicity. Curiously, comparing the total energy U and
the peptide—peptide contribution Upp in Figure 3B, one sees a
very similar trend and behavior. We have no plausible
explanation for this parallel behavior but stress that the internal
energy is of course only one contribution to the more
important free energy A, which shows very different behavior
from U.

The entropic contribution to the adsorption free energy —TS
= A — U allows for a more straightforward interpretation: it is
negative for the least hydrophobic amino acids G and A,
meaning that the system gains entropy in the desorption
process, while it is positive for the hydrophobic amino acids P,
V, Y, and F, meaning that the system loses entropy upon
desorption. This behavior reflects previous solvent implicit
model parameters for V and F** and agrees with the general
observation that hydrophobic solvation of small solutes is
accompanied by pronounced entropic losses due to water
orientation.®® We summarize that the adsorption of all
considered homopeptides at the hydrophobic surface is
energetically favorable, ie, U > 0, and of the same order of
magnitude, while entropy favors adsorption of the most
hydrophobic residues (ie, —TS > 0) and disfavors the
adsorption of the mildly hydrophobic residues G and A (ie.,
—TS < 0). When comparing the trends of adsorption energies
and entropies as a function of the hydrophobicity scale hg in
Figure 3B, it transpires that entropy, not energy, discriminates
between residues of different hydrophobicity when the
adsorption on a hydrophobic surface is concerned (while the
total number of HBs is not a relevant quantity, as shown in
detail in the Supporting Information). Our simulated
adsorption free energies on the hydrophobic SAM per residue
for tyrosine, Ay = 4.08 kJ/mol, glycine, Ag = 1.37 kJ/mol, and
phenylalanine, Ag = 8.14 kJ/mol, are of the same order as the
experimental values for adsorption onto polystyrene, Ay = 2.74
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kJ/mol, A = 1.56 kJ/mol, and Ay = 3.66 kJ/mol.** The reasons
for the deviations, especially for phenylalanine, might have to
do with the different surface composition. Another noteworthy
factor is that in common experimental adsorption studies the
reference bulk state is a relaxed peptide, not a stretched peptide
as in our simulations and as in the AFM experiments we will
compare with in the following (see the detailed discussion on
this issue in ref 42).

Peptide Adsorption for Varying Surface Contact
Angle: The Berg Limit. Comparison of Simulations and
AFM Experiments. So far, we have considered the two extreme
limits of a completely unpolar surface and a fully hydroxylated
surface and showed that peptide adsorption is generally
favorable at the hydrophobic surface and unfavorable at the
polar surface. We will now have a closer look at the crossover
between adsorption and repulsion and quantify the dependence
of the desorption force on the contact angle; we will in
particular address the microscopic origin of the so-called Berg
limit, which quite generally states that the borderline between
peptide or protein attraction (for hydrophobic surfaces) and
repulsion (for hydrophilic surfaces) is located at a contact angle
0 ~ 60°>"

Figure 4A shows the average desorption force of
polyglutamic acid (E), polytyrosine (Y), and polylysine (K)
as a function of the spreading coefficient k = cos 6 obtained by
single-molecule force-spectroscopic AFM experiments. In order
to experimentally continuously vary the water contact angle 6
and thereby the hydrophilicity of the surface, heterogeneous
SAMs consisting of mixed CH; and OH-terminated alkyl chains
were used. The contact angle was determined for each different
surface type in order to quantify the hydrophilicity degree, as
explained in the Methods section. We note that the measured
desorption forces for all different peptides are quite similar and
decrease only slightly upon increasing the wetting coefficient
(i.e., increasing OH concentration, which makes the substrate
more hydrophilic). For rather hydrophobic surfaces, pro-
nounced force plateaus are observed in the force—distance
traces, as exemplified in Figure 4B. Above a wetting coefficient
of k = 0.8, corresponding to water contact angles smaller than 6
~ 40°, the force—distance curves do not exhibit force plateaus
at all but only short-ranged irregular adsorption events; a
representative curve is shown in Figure 4C (note the different



Figure S. (A) Average desorption force F as a function of the wetting coefficient k = cos 6, obtained by static simulations of polyalanine (red circles).
Data points are fitted using the function a/(exp(b(k — ¢)) + 1) with a = 16.8 pN, b = 9.17, and ¢ = 0.38 (red solid line). The relation between the
OH surface fraction @ and the wetting coefficient k is shown by blue triangles (dashed blue line is to guide the eye). (B) Energy decomposition of
the total internal energy per monomer for different surface compositions. (C) Total internal energy per monomer U, free energy of desorption A,
and entropic contribution —TS. (D) Difference in the number of hydrogen bonds Any, = n% — n3 per monomer in the surface-adsorbed nis* and
the desorbed bulk configuration n". For the highest OH surface concentration (® = 100%) we push the peptide toward the surface by an external
force Fg, = 14.79 pN per residue and obtain a similar peptide—surface separation as for the adsorbing surfaces (z = 0.5 nm).

z-scale). In the intermediate range of wetting coefficients the future. At the current level of modeling, we therefore
between k = 0.4 and k = 0.8, corresponding to contact angles concentrate in the following comparison between simulations
between 6 = 65° and 40° only a finite fraction of force— and experiments on qualitative aspects.

distance curves exhibits force plateaus; this fraction is denoted Clearly, in typical bulk experiments using surface plasmon
in Figure 4A by open symbols and basically decreases to zero resonance or ellipsometric techniques, the distinction between
when @ reaches 40°. These results clearly demonstrate that successful and unsuccessful binding events is averaged out in a
peptide adsorption is inhibited at large OH surface coverage ®, thermodynamic sense; such bulk experiments would measure
in close agreement with previous experiments on protein the mean surface binding, which should be roughly the product
adsorption and cell settlement and summarized under the of our adsorption force (which is based on the fraction of
heading of the Berg limit.>'" This experimental result, which is force—distance curves that show a plateau) and the fraction of
obtained for three different homopeptides, a cationic (K), an plateau events. Interestingly, two distinct diffusion modes of
anionic (E), and a neutral hydrophobic one (Y), demonstrates single molecules adsorbed on chemically heterogeneous
the universality of the underlying mechanism which makes surfaces were recently directly observed with optical single-
surfaces in general protein adsorption resistant as the surface molecule techniques,64 which could be linked to the two sub-
polarity goes up. Before we describe our simulations on mixed populations of adsorbing and non-adsorbing peptide chains in
SAMs, we note that the simulated desorption forces for the the current experimental study. The binary distinction between
homopeptides E, K, and Y on the hydrophobic surface in Figure peptide—surface interaction events that are productive and
2A are smaller than the experimental ones by a factor of almost exhibit a force plateau and those that are unsuccessful and do
3, in contrast to the good quantitative match obtained for single not show a force plateau resembles a molecular recognition
spider silk peptide chains adsorbing on atomically flat event, and we speculate that this feature is an important
hydrophobic diamond surfaces.*” The different salt concen- ingredient of peptide—surface interactions in general. In fact, in
trations in experiments and simulations can definitely be ruled a recent simulation study it was seen that small peptides can
out as an explanation for this discrepancy, since salt has been recognize local water density variations on metal oxide surfaces,
previously shown to lead to only small modifications of the and it was suggested that this mechanism might be prototypical
desorption forces in experiments®” as well as in simulations.*® for peptide—surface binding selectivity." Whether this
Indeed, our measurements on the hydrophobic CHj-termi- mechanism is related to our experimental observation of two
nated surface at zero salt yield plateau forces of Fy = 60 + 4 pN, distinct binding events and how it is related to the Berg limit is
Fg = 65 = 1 pN, and Fy = 81 + 3 pN for polylysine, not clear, though.

polyglutamic acid, and polytyrosine, which do not differ much In order to relate to these experiments and to unravel the
from the corresponding values at 1 M NaCl of Fi = 71 + 2 pN, general features of the Berg limit, in the following we
Fg =72 £ 7 pN, and Fy = 82 + 2 pN. At present, we cannot concentrate in our simulations on polyalanine, which shows
offer an explanation for this quantitative disagreement, but favorable behavior with respect to equilibration times and is
since simulations and AFM experiments quantitatively matched generally classified as a neutral peptide, being halfway in
in our study using an inert and hard diamond surface, we between hydrophilic and hydrophobic amino acids, and should
propose that the disagreement might have to do with surface therefore allow us to make credible statements about the
defects, an incomplete mixing of the two SAM components and experimentally observed generic contact angle-dependent
thus surface inhomogeneities, or the softness of the SAM peptide adsorption. To mimic the experimental system as
surfaces, which might allow the partial penetration of peptide closely as possible, we prepare in the simulations mixed SAMs
chains into the SAM region. This is in line with the fact that, on consisting of CH; and OH-terminated alkyl chains. The 100%
surfaces of intermediate polarity in the wetting coefficient range CHj;-terminated SAM exhibits in simulations a contact angle of
between k = 0.4 and k =~ 0.8, a fraction of experimental force— 0 = 122° (which has been shown to depend sensitively on the
distance curves does show a well-defined plateau, while others water—surface Lennard-Jones interaction parameters®®); the
do not show plateaus at all, again pointing to inhomogeneous experimental contact angles for a pure CH; SAM vary between
surface characteristics, which we plan to study in more detail in 0 = 98° and 112°, depending on preparation details. For the
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Figure 6. (A) Water density profile at the hydrophobic (red) and the fully hydroxylated ® = 100% hydrophilic surface (blue). Simulation snapshots
of water at the hydrophobic (B) and at the hydrophilic surfaces (C). The inset of panel C shows an enlarged snapshot of one bifurcated hydrogen
bond between a water molecule and two OH surface groups.

Figure 7. (A) Repulsive free energy —A per amino acid to bring the polyalanine chain from bulk to the ® = 100% surface according to eq 2 as a
function of the mean surface separation z. The red triangle indicates the result for external force Fr, = 14.79 pN, for which the peptide—surface
separation z = 0.49 nm is similar to that for the peptide-adsorbing surface compositions. The green triangle indicates the result for Fg, = 739.69 pN.
(B) Total difference of the number of hydrogen bonds per amino acid, Any, = nd — nfS for the surface-adsorbed configuration 7% and the
desorbed bulk configuration n{ as a function of the average position z. Simulation snapshot of alanine at the hydrophilic 100% OH-terminated SAM
for two different external forces, Fg,, = 14.79 pN (C) and Fg,, = 739.69 pN (D). Simulation snapshots of the equilibrium configuration without
external force, Fg,, = 0, of alanine at the 5% OH-SAM (E) and the 17% OH-SAM (F). The average peptide—surface separation z is about 0.5 nm in

panels C, E, and F. Water molecules within S A of the peptides are shown.

mixed SAMs a direct comparison between experimental and to complete wetting € = 0 can be accurately determined as well.
simulation data is difficult, since the actual composition after The mean desorption force of polyalanine in Figure SA as a
surface deposition is not experimentally known. To enable function of the wetting coefficient k (red circles) shows an
comparison with experimental data, we therefore determine the abrupt decrease at a wetting coefficient of about k = 0.5,
contact angle as a function of the OH fraction ® and compare corresponding to a contact angle § ~ 60°, quite close to the
surfaces with equal contact angles with each other. In Figure SA experimental results shown in Figure 4. For more polar
we demonstrate that the wetting coeflicient k = cos € increases surfaces, the desorption force is essentially zero, meaning that
sharply with increasing OH surface concentration @ (blue the surface is resistant against adsorption of polyalanine for OH
triangles), and thus the contact angle 6 decreases strongly with surface fractions >33%. In order to gain insight into the
rising @ and reaches complete wetting (6 = 0) already for an mechanism of the transition from peptide adsorption to
OH fraction of about @ = 33%. Very few OH terminal groups repulsion, we have done a similar decomposition of the
are needed in order to turn a surface from hydrophobic to adsorption free energy into energetic and entropic contribu-
exhibiting complete wetting behavior, in agreement with tions and of the internal energy into the various interaction
previous simulation studies.*”**%” Note that the wetting contributions between water, peptide, and surface (see Figure
coeflicient k is in simulations determined directly from the SB,C). As long as the polyalanine chain stays adsorbed, i.e., for
interfacial tensions, and therefore values of k > 1 corresponding OH fractions of ® = 0, 5, 11, and 17%, no significant changes
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are seen, so the Berg limit does not manifest itself in some
gradual change of the adsorption characteristics. Only for a fully
hydroxylated surface, in which case we push the polypeptide
onto the surface, is the obtained behavior different. A more
detailed discussion of the results shown in Figure SB—D follows
below. In the literature, the water structure at a very polar
surface is typically argued to be responsible for its protein
adsorption resistance, but in order to explore this hypothesis
one needs to investigate how a fully hydroxylated surface
responds to the presence of a peptide chain, as will be done
next.

Mechanism of the Peptide Adsorption Resistance at
Hydrophilic Surfaces. The extraordinary strength of water—
surface HBs is plausibly argued to be one of the main factors for
the adsorption resistance of very polar surface, preventing the
peptides from adsorption due to the stability of the first
interfacial water layers, but note that additional factors, such as
water penetration into the organic sub-interfacial layer and ion
adsorption, have been experimentally shown to be important
for, e.g., OEG-terminated SAMs.2**® Our following discussion
is adapted to the simple model system we consider in our
simulations, where SAMs are dense and frozen and therefore do
not allow water penetration and where ions are absent. But
even adopting such a simplified model, many questions
concerning the role of the interfacial water can be addressed.

In our simulations, at the hydrophilic surface, a strongly
bound first hydration layer is formed, leading to a high-density
peak close to the surface, in contrast to the hydrophobic
surface, where a depletion layer of about 0.3 nm thickness is
observed (see Figure 6).*” The water molecules within the first
hydration layer at the polar surface form about two HBs per
OH group on the surface (data not shown). We observe that a
considerable fraction of water molecules in the first hydration
layer forms two HBs with the surface OH groups of two
neighboring alkane chains, as depicted in the inset of Figure 6C.
The first HB occurs between a surface hydrogen and the water
oxygen; the second one occurs between the water hydrogen
and the oxygen of a second surface hydroxyl group. These
bifurcated HBs lead to a strongly bound first hydration layer,
which has been previously ar§ued to form a repulsive barrier for
the adsorption of peptides.***>*

In order to probe this barrier, we perform constant force
simulations in which we uniformly push the peptide toward the
surface via a constant external force Fp, = Y,,m,a per amino
acid, where m,, is the mass of each atom in a given amino acid
residue and a is a constant acceleration, acting on all atoms of
the peptide in z-direction toward the surface during a 20 ns
NAP,T simulation. Our method can be viewed as a special type
of umbrella sampling in which a linear potential is used to push
the peptide uniformly toward the surface. Note that our
method allows direct comparison with the situations where the
peptides adsorb spontaneously on the surface, which
correspond to the special case Fg,, = 0. For each force value
Fg,, the average separation z of the peptide from the surface is
calculated as the mean of the separation of all atoms, discarding
the first 5 ns for equilibration. The repulsive free energy per
amino acid due to this forced adsorption process is calculated
via integration of the force,

A@) == [ Fule) & o

Figure 7A shows the repulsive free energy —A per amino acid to
bring the polyalanine peptide from bulk to the 100% OH-SAM
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hydrophilic surface as a function of the mean surface separation
z, calculated according to eq 2. In order to push the peptide
into close contact with the hydrophilic surface, a high free
energy that by far outweighs the attractive free energy on a
hydrophobic surface (as presented in Figure 3B) is required. In
order to meaningfully compare our simulations at the
adsorption-resistant 100% OH-SAM to the peptide-adsorbing
surfaces, we choose an external force of Fp, = 14.79 pN, for
which the surface separation comes out to be z = 0.49 nm and
thus very close to the separations at the peptide-adsorbing
surface compositions (0% OH-SAM, z = 0.48 nm; 5% OH-
SAM, z = 0.52 nm; 11% OH-SAM, z = 0.51 nm; 17% OH-
SAM, z = 0.49 nm). Figure 7E,F shows simulation snapshots of
the equilibrium configuration without external force of
polyalanine at the 5% OH-SAM and the 17% OH-SAM,
respectively. Due to the depletion of water at the hydrophobic
surface patches, no water molecules are present in the gap
between peptide and surface. In Figure 7C one sees that, at the
100% OH-SAM at a pushing force of Fg,, = 14.79 pN, there are
many water molecules between the peptide and the surface, and
we stress that the repulsive free energy at this separation already
amounts to about 3 kJ/mol per amino acid (red data point in
Figure 7A). To push the water out from the peptide—surface
gap, a force of hundreds of piconewtons is needed, as shown in
the snapshot in Figure 7D, and the free energy price at this
surface separation amounts to more than 30 kJ/mol per residue
(green data point in Figure 7A). Indeed, the interfacial water
plays a key role in this mechanism. This can be further
corroborated by the following energy/enthalpy decomposition.

As discussed before, the decomposition of the total internal
energy into its individual contributions reveals only small
changes for OH surface concentrations ® = 0, 5, 11, and 17%
that adsorb polyalanine (see Figure SB). In contrast, at the ® =
100% surface (obtained by pushing the peptide onto the surface
as described above), the water—water contribution Uyny
becomes repulsive (ie., driving the peptide into solution), yet
the total internal energy U in Figure SC is attractive (holding
the peptide on the surface). This is mostly due to a reduced
repulsion in the peptide—water interaction Upyy, presumably
caused by the external force that pushes the peptide onto the
strongly adsorbed interfacial water layer. However, the free
energy A for the @ = 100% surface is repulsive, reflecting the
adsorption resistance, which thus is entirely due to entropic
effects. We speculate that the entropy gain of the system when
the peptide desorbs from the surface into bulk is caused by the
unfavorable confinement of the interfacial water layer that is
squeezed between the surface and the peptide, but the
conformational peptide entropy could contribute as well
Figure SD shows the difference in the number of HBs, Any,
= n¥ — nl between the adsorbed and the bulk peptide
configuration for the different OH surface compositions. Again,
the @ = 100% peptide state corresponds to the case where the
peptide is pushed by a force of Fy, = 14.79 pN onto the
surface, yielding an equivalent surface separation as for the
adsorbing surfaces. First, we note that the difference in the
number of HBs between surface and water, Anyy, g, as well as
between peptide and surface, Anyy,ps, is negligible at all OH
concentrations, suggesting that surface HBs are not important
for the phenomena discussed here. (This is clearly different for
more hydrophilic peptides: For alanine the average number of
HBs per residue at @ = 11% OH-surface concentration is ni‘,‘é‘}s
= 0.01; the equivalent result for the more polar polyglycine at a

SAM with @ = 11% yields nf,dbfps = 0.1, in rough agreement with



simulations of polyglycine on hydrophilic diamond.**) The
main difference between the adsorbing cases ® = 0, S, 11, and
17% and the peptide-resistant case @ = 100% is the water—
water HB difference Anyy,zyy, which strongly favors the surface-
adsorbed state for the hydrophobic surfaces, reflecting the
expected hydrophobic effect, while it disfavors the adsorbed
state for the @ = 100% polar surface. The peptide—water HB
difference Any,py is antagonistic but is dominated by the
water—water contribution Ay, . So we conclude that for
peptide-adsorbing surface compositions, the total system
maximizes the number of HBs in the surface-adsorbed peptide
configuration, while for the peptide-resistant surface the
number of HBs is larger when the peptide is in the bulk.
This is corroborated by the plot of Any, for the @ = 100% polar
surface as a function of the surface separation z in Figure 7B,
which shows that the total HB difference goes dramatically
down as the interfacial water is squeezed out from the gap
between the surface and polyalanine. The contribution
responsible for inducing this change comes from water—water
HBs. Simplifying our results, peptide adsorption resistance is
driven by maximizing the total system entropy as well as the
number of water—water HBs. Whether and how these two
findings are causally related shall be further investigated in
future studies, but the combination of these two at first sight
conflicting properties might be crucial for robust peptide-
repelling surface designs.

CONCLUSION

We have studied the force-induced desorption of single peptide
chains from mixed OH/CHj-terminated SAMs by closely
matched MD simulations and AFM experiments. The goal was
to gain microscopic understanding of the transition between
peptide adsorption and adsorption resistance as the surface
contact angle is varied. In both experiments and simulations, we
see that, for a host of different homopeptides, SAMs become
adsorption resistant when the contact angle decreases below 6
~ 50°—60°, thus confirming the so-called Berg limit which was
previously established experimentally in the context of protein
adsorption and the settlement of organisms on surfaces. We
have shown in previous work that roughness does not modi

the adsorption characteristics of single peptides dramatically;*’
still, there are many potentially important properties of real
surfaces and peptides that are left out in the current study. As
an example, specific interactions between designed peptide
sequences and inorganic oxide surfaces do depend on the
precise arrangement of surface and peptide charges and also on
the fine-tuned structure of the interfacial water layer.”” We have
also neglected the softness of the SAMs in our simulation
model, which might allow partial penetration of adsorbing
peptide chains as well as water molecules into the sub-interface
layer, and which we speculate to be related to the quantitative
mismatch between the experimental and simulated adsorption
plateau forces. It is our working hypothesis that the Berg limit is
less dependent on such surface details than the absolute values
of the plateau force, but more work is clearly needed in order to
corroborate this assumption. Understanding the adsorption of
unstructured peptides on flat functionalized surfaces should
thus be seen as only a first step toward the more ambitious goal
of controlling protein adsorption at complex surfaces in the
context of the prevention of biofouling. When comparing the
adsorption of homopeptides with different side-chain hydro-
phobicity on hydrophobic surfaces, our simulations show that
all peptides are driven energetically to the surface, while the
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entropic contribution is repulsive for hydrophilic residues and
attractive (ie, favoring surface adsorption) for the more
hydrophobic residues, in line with what one would expect on
the basis of hydrophobic solvation properties. This shows that
features that discriminate between the adsorption of different
residues can well be rationalized by simple solvation concepts.
Our simulation results also corroborate previous findings that
the total internal energy results from a mutual cancellation of
individual contributions among water, peptide, and surface. In
order to gain insight into the adsorption resistance of polar or
hydrophilic surfaces, we push the peptides in simulations by an
externally applied force onto such surfaces. In order to squeeze
the hydration water layer out from the gap between surface and
peptide, high forces in the range of hundreds of piconewtons
per residue are needed, leading to a pronounced free energetic
repulsion of about 30 kJ/mol per residue that disfavors
adsorption. The adsorption resistance at the hydrophilic surface
thus results from strongly bound interfacial water, inhibiting
direct peptide—surface interactions, and is characterized by the
simultaneous gain of total entropy and total number of
hydrogen bonds. Our results suggest that the key to design
protein-resistant surfaces presumably lies in the optimization of
surface—water interactions that balance strong enthalpic water
binding with maximal conformational water freedom.
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