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1. Introduction

Proteins are main constituents of biological systems and their
correct functioning, mainly due to the specific folding behav-
iour of each single protein, is vital. An important biological
question is hence, what forces drive this folding process and
how does temperature affect the folding. In the early seven-
ties, Anfinsen studied ribonuclease and showed by unfolding
and refolding with urea that the amino acid sequence deter-
mines the folding pattern.[1] The fold of a protein can also be
changed by varying the temperature. Typical proteins are un-
folded (denatured) either by heating them up (heat denatura-
tion)[2] or cooling them down (cold denaturation).[3] This re-
flects a maximum in the free energy, which can be rationalized
by the interplay of opposing contributions to the solvation of
hydrophobic residues: the entropic cost decreases with rising
temperature while the enthalpic cost goes down as the tem-
perature is lowered.

Despite many efforts to understand and predict protein fold-
ing and its temperature dependence,[4] this problem is still un-
solved. One reason is that current simulation techniques are
too slow for reasonably sized proteins and another that the
major contributing forces (which would help for designing ap-
proximations) are unclear. The hydrophobic attraction (HA) has
long been and is still believed to be one of the main forces in
the folding process,[5] but despite decades of research the un-
derstanding of the dependence of the HA on key thermody-
namic parameters like temperature is still incomplete. Most ex-

perimental and theoretical work on HA concentrated on prob-
ing the hydration behaviour of small hydrophobic particles
and their temperature dependence, which also show a maxi-
mum in the free energy.[6] Some of the experiments exhibited
entropy convergence, which lend credibility to the idea that
HA is the driving force for protein folding (hydrophobic col-
lapse).[7] Although the HA on its own is not sufficient to explain
protein structure and stability, it is without doubt an important
contribution and worth being studied in detail.

Herein, we investigate the HA from a slightly different per-
spective compared to previous studies. We determine the free
energy necessary to pull a polypeptide from a solid substrate
into solution, both with an atomic force microscopy (AFM)
based method and with molecular dynamics (MD) simulations.
The surfaces used are neither charged nor are they capable of
forming hydrogen bonds. Thus, the forces that act between
the polypeptides and the surface can only be associated with
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a hydrophobic attraction. This method allows filling the gap
between the solvation of small hydrophobic particles (which
was studied in detail before) and larger folded proteins. The
experiments were done with a single molecule force sensor
that utilizes a single polypeptide covalently attached to an
AFM tip. With this sensor, force–distance curves such as depict-
ed in Figure 1 can be obtained at different temperatures. They
give information on the mean desorption force (height of the
plateau), the detachment length (length of the plateau) and
the free energy DG of the solvation process. In the past this
was done to delineate the influence of the surface[8] and of sol-
utes.[9] Herein, the focus is on the temperature dependence of
the desorption process and its relation to the hydrophobic at-
traction. With one force sensor, several hundred force–distance
curves were performed at different temperatures ranging from
299 to 348 K in water. The behaviour of a hydrophilic and a hy-
drophobic polypeptide were compared on two different surfa-
ces, a hydrogenated diamond and a glass slide which was
functionalized with an aminosilane. Both surfaces are hydro-
phobic but differ slightly in roughness. The results showed
that there is only a weak influence of the temperature on the
desorption force and on the detachment length and therefore
on DG. Interestingly, the curvature of the adsorption free
energy seems to change sign dependent on surface roughness
showing a temperature maximum or a minimum depending
on the substrate type. This is in contrast to the solvation of
small hydrophobic solutes, where always a maximum in solva-
tion free energy at a specific temperature is found.

Recently, Horinek et. al showed that MD simulations are ca-
pable of describing the desorption of a polypeptide from a
solid surface in aqueous environment and to extract molecular
details of this process.[10] Therefore, we investigate further de-
tails of the desorption process with MD simulations at temper-
atures between 290 and 430 K. Consistent with the experi-
ments, they show only a weak temperature dependence of the
desorption force, with a maximum or minimum depending on
the surface type.

2. Results

2.1. Characterization of the Experimental Surface

To investigate the HA, the temperature dependence of the de-
sorption of single hydrophobic and hydrophilic polypeptides
from two different hydrophobic surfaces was investigated by
means of AFM. The surfaces were a hydrogenated diamond
and a glass slide functionalized with an aminosilane. The sur-
face modifications were tested by determining the contact
angle with a home-build goniometer equipped with a CCD-
camera. For each surface, the angles of five 1.5-ml ultrapure
water droplets were recorded and analyzed with a plug-in for
the Java-based freeware ImageJ.[11]

With this plug-in, the angles between the surface and the
droplets were fitted and determined (see Figure 2 A, right, and
Figure 2 B, right). The average contact angles were 758 for the
hydrogenated diamond and 838 for the glass slide, respective-
ly. Additionally, AFM contact-mode images (Figure 2 A, left, and
Figure 2 B, left) were obtained to compare the mean roughness
of the two surfaces. They resulted in a value of 0.6 nm for the
diamond and 1.6 nm for the glass slide. An overlay of a line
trace for each surface is shown in Figure 2 C. We have two sur-
faces with similar hydrophobicity, but different chemical com-
position and a slightly different roughness.

2.2. Temperature-Dependent AFM Measurements

For the temperature-dependent measurements, a polypeptide
was covalently bound to the AFM tip. The functionalization of
the AFM tip was optimized to have only one or few polypep-
tides interacting with the surface. We evaluated only experi-
ments with a single detachment at the end of the force–dis-
tance trace (see below). Herein, the behaviour of a single hy-
drophilic polylysine was compared to that of a hydrophobic
polytyrosine. For each polypeptide, force–distance curves in a
temperature range from room temperature (299 K) to 348 K
were recorded. During such a force–distance measurement,
the cantilever was lowered until the tip was in contact with
the surface. After a dwell time of 1 s, to let the polypeptide
adsorb to the surface, the cantilever was retracted with a ve-
locity of 1 mm s�1. During this retraction cycle, the desorption
force stays constant until the polypeptide is completely de-
tached from the surface (Figure 1 B). The measured force pla-
teaus are caused by an equilibrium desorption on the time-
scale of the experiment,[12] which is in contrast to the non-
equilibrium rupture forces for covalent bonds.[13] Every single

Figure 1. A) Schematic representation of the desorption process of polyly-
sine (not to scale). First, the AFM tip is in contact with the surface to let the
polypeptide adsorb (1). Then, the cantilever is retracted and the polypeptide
is desorbed from the surface (2) until it is completely detached (3). B) Exem-
plary force–distance curve of a polylysine chain that was desorbed from a
hydrogenated diamond surface. The height of the final plateau corresponds
to the desorption force, the area underneath to the free energy and the
length to the detachment length (see Experimental and Computational
Methods Section for details). C) Exemplary histogram for the desorption
forces of three experimental sets for polylysine at different temperatures
and corresponding Gaussian fits.
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polymer detaching from the surfaces results in a single step in
the force–distance trace.[14] In the exemplary measurement
(Figure 1 B), two detachment events can be observed. First,
two polypeptides are desorbed in parallel, until the first de-
taches at a separation of about 120 nm. Then, the second poly-
peptide is desorbed on its own, until detachment at a separa-
tion of about 250 nm from the surface occurs. We only evalu-
ate the desorption force of the polypeptide with a single-step
detachment to the baseline (which follows a single-polymer
desorption plateau). For each temperature, the force, the
length, and the free energy per amino acid, DG, for about 100
plateaus, were measured and averaged.

The results for the desorption force and for the desorption
free energy per amino acid DG are shown in Figure 3 A. Here,
the measurement for the hydrophilic polylysine on the dia-
mond substrate shows only weak temperature dependence
(grey triangles), with a slight minimum in the free energy. The
measurements with polylysine on the glass slide (black trian-
gles) show also a weak dependence, but a slight maximum in
the free energy. The larger deviations at low temperatures are
still close to the uncertainty of the measurement. The results
for the desorption force of polytyrosine on the hydrogenated
diamond are also shown in Figure 3 A (light grey squares).

Here, neither a minimum nor a maximum can be observed—
there is no significant effect of temperature on the desorption
free energy.

From these experiments one can also gain information
about other thermodynamic parameters, such as the entropy
change DS and the enthalpy change DH (per amino acid), with
increasing temperature. Therefore, DG was fitted with a parab-
ola for all three data sets. Due to the scatter of the data
points, many analytical functions could be fitted—we chose a
parabola to compare our results to the solvation free energy
of small nonpolar molecules. The fit shows a weak maximum
for the measurement with polylysine on glass (which is slightly

Figure 2. A) Contact-mode image of the hydrogenated diamond (left) and
water droplet on the diamond with a fit by ImageJ (right). The resulting
average contact angle was 758. B) Contact-mode images of a glass slide
(left) with a contact-angle measurement (right), resulting in an average
value for the contact angle of 838. C) The line profiles for the contact-mode
images on glass and diamond show the different roughness of the two sur-
faces.

Figure 3. A) Temperature dependence of the desorption force and the de-
sorption free energy per amino acid, DG, for polylysine obtained from AFM
measurements on the hydrogenated diamond surface (grey triangles) and
on the glass slide (black triangles) and for polytyrosine on the hydrogenated
diamond (light-grey squares). B) Entropy change per amino acid, DS, for the
measurements with polylysine on diamond (grey line) and on the glass slide
(black line) and with polytyrosine on diamond (light-grey line). C) Enthalpy
change per amino acid, DH, for polylysine on diamond (grey line) and on
the glass slide (black line) and with polytyrosine on diamond (light-grey
line). Entropy and enthalpy are determined from a parabolic fit to the free
energy.
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rougher than diamond, Figure 2 C) and on diamond, a weak
minimum. Then, the fits were differentiated to get DS and DH
(see Experimental and Computational Methods Section). The
changes in entropy and in enthalpy with temperature are
small for polylysine and even negligible for polytyrosine (Fig-
ure 3 B,C).

2.3 Change of Detachment Length with Temperature

The desorption plateau is in thermodynamic equilibrium on
the timescale of the experiment, but the detachment itself is a
non-equilibrium process.[12] Therefore, we tested if the detach-
ment length is temperature-dependent. As mentioned before,
a plateau with a single detachment to the baseline clearly indi-
cates a single molecule. Although we use the same cantilever
for all temperatures in one measurement set (which is necessa-
ry to reduce the uncertainties in the desorption force differ-
ence), we often lose a cantilever attached polymer and get an-
other one when changing the temperature. For the example
shown in Figure 4 we retained the same polymers with the
same detachment length for two different temperatures, dem-
onstrating that there is no significant change in detachment
length with temperature.

2.4. Temperature-Dependent MD Simulations

These experimental results were compared to MD simulations
to gain more insight into the details of the desorption process
at different temperatures and different substrates. Polylysine
exhibited different adsorption behaviors on substrates with dif-
ferent roughness. Due to complicated charge-regulation effects
of charged polypeptides at surfaces,[15] polylysine adsorption is
not an ideal system for simulations to investigate the HA. For
that reason—and to test how universal the experimental re-
sults are—we decided to study the simplest peptide in MD
simulations, namely, polyglycine. We performed both dynamic
and static simulations on two substrates with different rough-
ness. As a surface, a SAM (self-assembled monolayer) or a dia-
mond were used. Their contact angles are 1178 and 1218 for
the SAM and diamond, respectively. In Figure 5, the water den-

sity profiles parallel to the surface are shown. Therefore, the
simulation box was divided into 200 slices parallel to the y–
z plane. The profile (Figure 5) shows the density as a function
of x.

As a measure of the roughness, the standard deviation from
the mean density was calculated to be 15 mg cm�3 on the
SAM and 13 mg cm�3 on diamond. The density profile on SAM
(black curve) exhibits a rough but regular pattern. The density
peaks are broadened in comparison to the density profile
found on diamond and the peak positions indicate the loca-
tion of the outermost surface atoms. In contrast, on diamond
(grey curve) the density profile is much smoother.

For the dynamic simulations, polyglycine was pushed to a
surface. Then, a harmonic potential was applied to the first
monomer, so its origin moves away from the surface with a
constant velocity of 0.1 m s�1. When the force was strong
enough to desorb the peptide, the force–distance curve
showed a plateau. After the last monomer was detached, the
force dropped to zero. Because the pulling velocity was five
orders of magnitude higher than in the AFM experiments, ad-
ditional static simulations were done to maintain a process
close to equilibrium. Here, the potential origin was held at a
fixed height. The system configurations were taken from the
dynamic simulations and were chosen such that the separation
between the surface and the origin of the harmonic potential
exhibits a grid of 0.2 nm.

The simulations for polyglycine on a hydrophobic SAM
showed only a weak dependence of the desorption force on
temperature (Figure 6 A, black markers). The same could be
seen for simulations on a hydrogenated diamond surface. The
desorption force does not change significantly, except for the
force at 300 K which is significantly higher than the rest. The
simulations are consistent with the experiments. Here, again,
the parabolic fit of DG results in a weak minimum for diamond
and in a weak maximum for the simulations on SAM (which
has a larger roughness compared to the diamond). The abso-
lute values for the desorption force are almost a factor of two
higher in the experiments. Still, the relative changes in force
with temperature matches the experimental data. We next dis-
sect the different contributions to the desorption force:

Figure 4. Histogram of the detachment length for polylysine molecules on
the hydrogenated diamond for two different temperatures.

Figure 5. Water density profile parallel to the diamond surface (grey curve)
and the SAM (black curve).
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Figure 7 depicts the differences in enthalpy, DH, per amino
acid between the states where the polymer is completely ad-
sorbed to the surface and completely stretched (but not de-
tached), respectively. In addition, the interactions between the
different components for DH in dependence on the tempera-
ture are given. Interestingly, the variations in between the dif-
ferent interactions are much larger than the total change in
(free) energy. As in the experiments, the temperature depend-
ence of the desorption process is not universal and depends
on the details of the peptide–surface interaction.

3. Discussion

Proteins, in general, show a maximum in the folding free
energy as a function of the temperature, which characterizes
the stability of the native state with respect to the denatured
state. Such a maximum was also observed for the solvation of
small hydrophobic particles, which is dominated by the HA.
For this reason (and additionally enforced by experiments that
suggested entropy convergence), the HA was considered the
main force controlling the folding of proteins. Herein, we used
a new kind of experimental tool to investigate the HA in a ge-
ometry that is more complex than the solvation of hydropho-
bic objects in water, yet simple enough to be studied by sol-
vent-explicit MD simulations. Therefore, a single polypeptide
that was attached to an AFM tip was desorbed from a solid
substrate at different temperatures. This equilibrium desorp-
tion process results in a constant force plateau (Figure 1).

Figure 6. A) Temperature dependence of the desorption force and the de-
sorption free energy per amino acid, DG, for polyglycine obtained from MD
simulations on the hydrogenated diamond surface (grey markers) and on a
SAM (black markers) with a parabolic fit. B) Entropy change per amino acid,
DS, for the simulations with polyglycine on diamond (grey markers) and on
a SAM (black markers). C) Enthalpy change per amino acid, DH, for the simu-
lations with polyglycine on diamond (grey markers) and on a SAM (black
markers).

Figure 7. The difference in enthalpy per amino acid at different tempera-
tures is shown between the states where the polypeptide is completely ad-
sorbed and completely stretched on A) diamond and B) SAM as a surface.
DH can be divided into a sum according to interactions between the contri-
bution from the surface (S), the peptide (P) and the water (W) with one an-
other. The change in free energy, DG, is also shown for each temperature.
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Whatever forces contribute to the interactions between the hy-
drophobic surface and the hydrophilic or the hydrophobic
polypeptides used herein, this force can only be associated
with a hydrophobic attraction, since the surfaces in the experi-
ments are neither charged nor are they capable of forming hy-
drogen bonds.

Despite probing several combinations of polypeptides and
surfaces, we only observe a weak dependence of the desorp-
tion force on temperature (Figure 3). What can be seen is that
for the rougher surface, a weak maximum in desorption free
energy was found. On the smoother diamond surface, the fit
shows even a slight minimum. The weak temperature effects
with maxima or minima (depending on the surface) suggest
that the hydrophobic interaction between a polypeptide and a
surface is governed by a mechanism different from the solva-
tion of small hydrophobic objects. The latter constitute the
standard paradigm for hydrophobic effects in the context of
protein folding and always exhibit a maximum in the tempera-
ture dependent desorption free energy. The rather strong de-
parture from theoretical expectations suggests studying the
simplest peptide in simulations, namely polyglycine, for which
aggregation effects (as for polytyrosine) are absent. Indeed, we
see similar results as in the experiments, namely a weak tem-
perature effect on desorption force and different curvatures of
the desorption free energy as a function of temperature, de-
pending on the substrate used (Figure 6). This can be rational-
ized by a compensation in between the many different contri-
butions to the desorption force of single polypeptides from
solid substrates in aqueous environment (Figure 7). These re-
sults show that the desorption process is much more complex
than the solvation of simple solutes and depends on the fine
structure of the interfacial water structure and the details of
the peptide–surface interactions.

The quantities discussed above were determined from equi-
librium processes. The detachment process itself is a non-equi-
librium process and might therefore show a different behavior
with temperature. But the detachment length in our experi-
ments shows no indication for a temperature dependence
(Figure 4). This is an important further piece in the puzzle to
understand the non-equilibrium detachment process for single
polypeptides.

4. Conclusions

The hydrophobic attraction (HA) is one of the main driving
forces for protein folding and to unravel its temperature de-
pendence should therefore help understanding the protein
folding process. We present a joint experimental and simula-
tion approach to study the HA in a model system that is com-
plementary to the previously studied solvation of small hydro-
phobic solutes. In AFM-based experiments and MD simula-
tions, we show that polypeptides only exhibit a weak tempera-
ture dependence when desorbed from hydrophobic solid sub-
strates (this process is dominated by the HA). In addition, the
curvature of the temperature-dependent desorption free
energy changes sign depending on the substrate (likely caused
by different surface roughness). Unexpectedly, these results

differ considerably from studies on the solvation of small hy-
drophobic solutes, which always exhibit a maximum in the
temperature-dependent desorption free energy. Our combined
approach can relate this difference to the compensation be-
tween the different contributions in the desorption process,
which are all larger in magnitude than the final desorption free
energy. This is reminiscent of the protein-folding process itself,
where large entropic and enthalpic contributions compensate
each other to result in a small free-energy difference between
the folded and unfolded states. On the other hand, the pro-
tein-folding process depends much stronger on the tempera-
ture, indicating that neither the solvation of small hydrophobic
solutes nor the desorption of polypeptides from solid sub-
strates is sufficient to understand the main driving force for
protein folding.

Experimental and Computational Methods

Surface Preparation and Contact-Angle Measurements

Two different hydrophobic surfaces were used for the desorption
measurements: A hydrogenated, polycrystalline diamond (Element-
Six, Advancing Diamond Ltd. , UK) of size 5 mm x 5 mm and a glass
slide which was functionalized with an aminosilane (VectabondTM,
Axxora, Lçrrach, Germany).

For hydrogenation, the polycrystalline diamond was treated follow-
ing a procedure similar to that published previously.[16] It was first
heated in a vacuum chamber up to 700 8C to clean the sample.
The hydrogen flow (100 sccm) started with a constant pressure of
10 mbar and was then activated by a microwave plasma reactor
(Astex). The diamond was then treated for 15 min at a pressure of
50 mbar. After a soft shut down, the sample was cooled under hy-
drogen atmosphere (10 mbar, 100 sccm). The hydrogenated dia-
mond was used for several measurements but cleaned before each
one by sonicating in acetone and 2-propanol.

The glass slide was first activated in a plasma chamber with
oxygen and then rinsed in acetone and functionalized for ten mi-
nutes with VectabondTM. Afterwards, the slide was again rinsed
with acetone and ultrapure water. It was prepared immediately
before the force measurements.

Force Spectroscopy and Imaging by AFM

The measurements were performed with an MFP-3D SA (Asylum
Research, Santa Barbara, CA) instrument. A BioHeater� was used
as a closed fluid cell to get a well-defined temperature control. Sili-
con nitride cantilevers (MLCT) were purchased from Bruker (SPM
probes, Camarillo, CA).

A single poly-l-lysine (Sigma Aldrich, 70,000–150,000 Da) or poly-d-
tyrosine (Sigma Aldrich, 40,000–100,000 Da) polypeptide was cova-
lently attached via a flexible poly(ethylene-glycol)(PEG)-linker (Rapp
Polymere GmbH, T�bingen, Germany) to the AFM tip. Therefore,
the cantilevers were first activated in a plasma chamber with
oxygen. Afterwards they were dipped in acetone (anhydrous,
�99.8 %, VWR) and then incubated for 5 min in a mix of acetone
(5 mL) and VectabondTM (100 ml). After rinsing in acetone and
chloroform (anhydrous, �99 %, Sigma Aldrich), the cantilevers
were incubated for 45 min in a chloroform-based solution with
CH3O-PEG-NHS (5 kDa) and PEG-a-w-Di-NHS (6 kDa) (ratio 1:1500).
Then, they were rinsed again in chloroform, ethanol (absolute,
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>99.9 %, Merck) and borate buffer (pH 8–8.5) before they were
put for 1–2 h in the polypeptide solution. Here, both polypeptides
were dissolved with a concentration of 2 mg mL�1 in the borate
buffer. After incubation, the cantilevers were rinsed in TRIS (molec-
ular biology grade, AppliChem, Germany) and ultrapure water (Bio-
chrom, Germany) and then stored in air. All measurements were
performed in ultrapure water. Within one experimental data set,
the temperatures ranged from 299.35 to 348.15 K and the cantile-
ver was not changed. The experiments were repeated five times.
For each temperature, the spring constant of the cantilever had to
be determined to calculate the desorption force. This calibration
was done with the thermal noise method.[17] Therefore, the inverse
optical lever sensitivity (InvOLS) was determined five times before
and five times after the measurement. To evaluate one data set
with different temperatures the spring constants which were deter-
mined for one cantilever at all the different temperatures from
power spectrum (which was corrected for temperature) were aver-
aged but not the InvOLS.

For each temperature, about 100 force–distance curves were re-
corded and analyzed. For a force–distance curve, the cantilever
was lowered at a constant velocity (1 mm s�1) until the tip was in
contact with the surface. Then, a dwell time of 1 s was applied to
let the polypeptide adsorb to the surface. Afterwards the cantilever
was retracted with a velocity of 1 mm s�1. During this retraction
cycle, the polypeptide was pulled of the surface which resulted in
a constant force plateau (Figure 1). The plateaus were fitted with a
sigmoidal curve to get the mean desorption force and the length
of the force plateau. The obtained forces and lengths were plotted
in a histogram. Each data point shown here represents the maxi-
mum of a gauss fit to the histogram and the error shown is the
standard deviation (SD). The free energies per amino acid, DG,
were determined by calculating the area under the force curve and
dividing by the number of desorbed amino acids (assuming a
length of 0.36 nm per amino acid). DG was fitted with a parabola
(DGfit), and then the following equations were used for the calcula-
tion of the entropy change DS and the enthalpy change DH per
amino acid [Eqs. (1) and (2)]:

DS ¼ �dDGfit=dT ð1Þ

DH ¼ TDSþ DG ð2Þ

To image the surfaces, constant-force-mode measurements were
performed using a CSC37 cantilever (MikroMasch, San Jose, CA) in
air with a scanrate of 1 Hz. For each image, 512 � 512 points were
recorded. The roughness of the surface was determined by calcu-
lating the rms value of the surface height in squares with a side
length of 300 nm (roughly in the order of the detachment length).
Afterwards the roughness of the single squares was averaged to
get the final value for each surface.

MD Simulations

All simulations were carried out with the Gromacs simulation pack-
age.[18] The simulation box contained a substrate (diamond or self
assembled monolayer), a homopolypeptide and about 2600 SPC/E
water molecules. As a peptide, polyglycine with 12 monomers was
used, whereby all amino-acid termini were capped to prevent in-
teractions between the charged moieties and the surface.

A double face-centered-cubic lattice with a lattice constant of
0.3567 nm formed the basis of the diamond substrate. The sub-
strate had a height of 1.0701 nm and its (100) surface was oriented

parallel to the x—y plane of the simulation box. The surface was
terminated with hydrogen atoms.

The SAM consisted of 7 � 8 C20H40 chains. Their position represents
the (111) surface of gold with a lattice constant of 0.5 nm. Each
alkane strand was tilted by an angle of 308. The SAM was terminat-
ed with a Lennard-Jones sphere whose interaction parameters
were chosen to resemble a hydrophobic surface with a contact
angle of 1178. The interaction range s was set to 0.3748 nm, which
displays the interaction range of a CH3 group and the potential
depth was set to 4.711 kJ mol�1. The terminating group did not
carry partial charges.

The water density profile parallel to the SAM and the diamond sur-
face was determined (Figure 5) by dividing the simulation box into
200 slices parallel to the y—z plane. Then, the mean density in
each slice over the entire height was calculated over 4 ns. The den-
sity profile in Figure 5 shows the density in dependence on x. The
standard deviation from the mean density was calculated to be
15 mg cm�3 on the SAM and 13 mg cm�3 on the diamond.

For both substrates, the atom positions were kept fixed during the
simulation. For all simulations, a time step of 2 fs was chosen. The
temperature was set to values between 290 and 430 K, and a pres-
sure of 1 bar in the z direction was applied. For temperature as
well as pressure coupling, the Berendsen scheme was used.[19] If
not otherwise noticed, all interactions were described by the
GROMOS96(53a6) force-field.[20] Bonds containing hydrogen atoms
were constrained by LINCS[21] and periodic boundary conditions in
all three dimensions in space were applied.

To prepare the dynamic simulation, first an energy minimization
was performed for a simulation box containing the substrate, a
peptide and water. Afterwards the peptide that was situated about
3 nm above the substrate was pushed with a constant acceleration
of 1 nm s�12, which was applied on all atoms, toward the surface.
Followed by a 10 ps simulation in an NVT ensemble (i.e. at constant
particle number, N, volume, V, and temperature, T) and a 5 ns simu-
lation in an NAPzT ensemble (i.e. at fixed particle number, N, surface
area, A, temperature, T, and vertical pressure, Pz). To desorb the
peptide from the surface, a harmonic potential was applied to the
first monomer. The potential origin was moved perpendicularly
away from the surface with a constant velocity of 0.1 m s�1. The de-
sorption force was calculated from the stretching of the harmonic
spring and the spring constant of 166 pN nm�1.

The results from the dynamic simulation were used to perform so-
called static simulations. For a static simulation, a configuration
with a partly desorbed peptide, taken from the trajectory of the
pulling simulation, was used as start configuration. The harmonic
potential was held at a fixed height over 8 ns. The last 3 ns were
evaluated to calculate the desorption force. The error was estimat-
ed by block averaging.[22] Ten start configurations were chosen
such that a grid of 0.2 nm in pulling height was achieved. Out of
the results of these ten simulations the mean desorption force as
an average of the single forces was calculated.

To distinguish the contribution from each constituent to the inter-
nal energy, reruns of the static simulations were performed. In
each rerun, the simulation box contained only one or two of the
original constituents, and the interactions between those were de-
termined. A linear regression of the internal energy, H, in depend-
ence of the pulling height was performed to calculate the change
in H between a completely adsorbed and a completely stretched
configuration. DH can be divided into a sum according to the con-
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tributions from the surface (S), the peptide (P) and the water (W),
such that DH =DHPP +DHWW +DHPS +DHSW +DHPW.

The total error of DH is given by [Eq. (3)]:

DDH ¼ ðDDH2
block þ DDH2

linÞ1=2 ð3Þ

where DDHblock is the mean error of all data points obtained over
block averaging and DDHlin is the error of the linear regression.
The free energy of adsorption G is defined as the integral of the
desorption force over pulling height divided by the number of
amino acids. Hence, G and DG are given by the product of the
force f and Df, respectively, with the length of the force plateau
per amino acid.

The surface tension of the substrate with water was calculated out
of the last 4 ns of a 5 ns NAPzT simulation. Prior to this, the system
was equilibrated by an energy minimization followed by a 10 ps
NVT relaxation. From the resulting surface tension, gsl, together
with the air–water surface tension of gvl = 63.2 mN m�1, determined
in a separate simulation, the contact angle was determined by
Young’s equation for a substrate with fixed atom positions
cos(f) =�gsl/gvl.
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