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ABSTRACT: Interactions between hydrophobic moieties
steer ubiquitous processes in aqueous media, including the
self-organization of biologic matter. Recent decades have
seen tremendous progress in understanding these for
macroscopic hydrophobic interfaces. Yet, it is still a
challenge to experimentally measure hydrophobic inter-
actions (HIs) at the single-molecule scale and thus to
compare with theory. Here, we present a combined
experimental−simulation approach to directly measure
and quantify the sequence dependence and additivity of
HIs in peptide systems at the single-molecule scale. We
combine dynamic single-molecule force spectroscopy on model peptides with fully atomistic, both equilibrium and
nonequilibrium, molecular dynamics (MD) simulations of the same systems. Specifically, we mutate a flexible (GS)5
peptide scaffold with increasing numbers of hydrophobic leucine monomers and measure the peptides’ desorption from
hydrophobic self-assembled monolayer surfaces. Based on the analysis of nonequilibrium work-trajectories, we measure an
interaction free energy that scales linearly with 3.0−3.4 kBT per leucine. In good agreement, simulations indicate a similar
trend with 2.1 kBT per leucine, while also providing a detailed molecular view into HIs. This approach potentially provides
a roadmap for directly extracting qualitative and quantitative single-molecule interactions at solid/liquid interfaces in a
wide range of fields, including interactions at biointerfaces and adhesive interactions in industrial applications.

KEYWORDS: single-molecule force spectroscopy, AFM, molecular dynamics, steered molecular dynamics, Jarzynski’s equality,
hydrophobic interaction, peptide, self-assembled monolayer

Despite over 30 years of extensive research, discerning
the origin, scaling, and even existence of forces
between extended hydrophobic surfaces remains a

major experimental challenge. Direct measurements of the
hydrophobic interaction (HI) not relying on inference from
macroscopic properties have been notoriously difficult to
execute without interposing physical forces and processes,
such as bridging bubbles and surfactant overturning. In their
recent review, Ducker and Mastropietro1 identify only five
experimental results at extended hydrophobic interfaces that
show convincing evidence for exponentially decaying attractive
HIs in the range of 3−12 Å,2−6 where reexamination of the
large body of remaining literature reveals principal experimental
difficulties.1 Here, we use ‘hydrophobic interaction’ to refer to
the total interaction free energy between solvated hydrophobes
and not specifically the water-mediated contribution. In

contrast at small length scales, nonlinear optical spectroscopy
studies7,8 and diffraction experiments9 have shown how water
orients and fluctuates around uncharged small hydrophobes,
which may be critical to molecular HI forces, even if such forces
themselves have been difficult to measure. Indeed, molecular
theory and simulations continue to clarify the relationship
between fluctuating water structure and the hydrophobicity of
isolated solutes and interfaces.10,11

Understanding how HI forces manifest in a molecular
context and can be systematically manipulated, e.g., through
variations in amino acid sequence, remains a major unsolved
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problem. This is particularly relevant to peptides, which depart
from the idealized solutes often studied in theory as they
comprise nonrigid, heterogeneous molecules with both hydro-
phobic and hydrophilic groups. For realistic sequences
containing a variety of amino acids, a delicate balance of
noncovalent driving forces, including the HI as a significant
contributor, directs peptide aggregation, self-assembly, folding,
and binding behaviors.12−14 Several recent single-molecule
spectroscopic studies have now probed polylysine,15 spider silk
peptides,16 or charged/hydrophobic peptide sequences17 with
extended hydrophobic surfaces,18−20 but systematically under-
standing how the HI scales with the hydrophobic content in a
peptide sequence has yet to be clarified.
Here, we examine the scaling of interactions between a short

peptide of mixed hydrophilic/hydrophobic character with an
extended hydrophobic surface as the peptide hydrophobic
content is adjusted. Related studies on the single-molecule level
have focused on homopolymers21 or homopeptides.19 By
mutating a hydrophilic scaffold to increase the number of
hydrophobic residues, we can instead probe the additivity and
potential cooperation or competition between hydrophilic and
hydrophobic moieties related to surface affinity. Specifically, we
combine direct experimental measurements using single-
molecule AFM (SM-AFM) with fully atomistic nonequilibrium
and equilibrium molecular dynamics (MD) simulations of the
same systems, finding good agreement without any system-
specific fitted parameters. In both experiment and simulation,
we assess the strength of the peptide−surface interaction by
rigorously applying Jarzynski’s equality (JE) to determine
equilibrium free energy differences. Finally, we show that these
equilibrium free energy differences may be associated with
changes in the equilibrium ensemble of water structure at the
level of three-body angular correlations.

RESULTS AND DISCUSSIONS
A comparison of the SM-AFM and MD experimental setups is
shown in Figure 1. In experiment, fully designed peptide
sequences with varying degrees of hydrophobicity are end-
grafted with their N-terminus to a polyethylene glycol (PEG)
linker, with 12 PEG units and a terminal COOH group
(PEG12-COOH), on ultrasmooth gold surfaces modified with
self-assembled monolayers (SAMs, σ ≈ 3 Å).5,22 We use a
hydrophilic (GS)5 model backbone of alternating glycine (G)
and serine (S) amino acids, and the C-terminal amino acids are
selectively mutated with up to four consecutively or non-
consecutively distributed hydrophobic leucine (L) units within
the sequence (Table 1). With the backbone, the entire protein
anchor has an estimated contour length, LC, of 10 nm. The
surface chemistry is confirmed by photoelectron spectroscopy
(XPS, see Figure S10 in the Supporting Information, SI). The
grafted peptide mutations on the PEG12-linker are brought into
contact with a 1-undecanethiol terminated hydrophobic gold-
coated AFM tip, and single-molecule experiment force versus
distance characteristics are recorded in so-called fly fishing
mode.23 In this experimental AFM technique, a tip contacts a
surface at random points and ifin our contexta single
grafted peptide adsorbs at the hydrophobic tip during contact,
the formed hydrophobic contact breaks during separation of
the tip and the surface, leading to a specific signature in the
force profile.23

The atomically detailed simulated system (shown in Figure
1B) is designed to closely approximate both the physical system
and the experimental protocols. The N-terminus of each of the

peptides, which in experiment is tethered to a PEG linker and
ultimately a hydrophilic surface, is pulled at constant velocity
away from a fixed, periodically replicated hydrophobic SAM
surface approximating the AFM tip. Numerous models of SAM
surfaces,24−28 as well as SAM-peptide systems,29−35 have been
proposed in the literature; here we build the SAM from
dodecane molecules with a single end fixed at the necessary
lattice spacing, with surrounding water explicitly represented.
Additional methodological details are described in the

Materials and Methods. A complete set of results for all
peptides used and additional data analyses, including those
relevant to experiment and simulations, are available in the SI.
Experimental results in Figure 2A show a master curve with

∼80 individual trajectories recorded during unbinding of the
(GS)3L4-sequence (see Table 1) from a hydrophobic AFM tip.
As described previously, all shown trajectories are aligned by
pulling distance and time using the best worm-like-chain
(WLC) fit.36 The inset in Figure 2A shows a typical individual
force versus distance curve, with the distance normalized by the
contour length, LC, of the molecular anchor. About 3−8% of
force profiles indicate successful surface-to-molecule binding
and hence allow direct dynamic measurement of work-
trajectories during unbinding of single-molecule HIs. For all
other peptide sequences, similar master curves recorded at
different loading rates are shown in Figure S12. Curves without
successful bond formation show only van der Waals (vdW),
hydration, and electric double-layer interactions that can be fit
well with an extended DLVO theory.37,38 Control experiments

Figure 1. Schematic of (a) experimental and (b) computational
setting used for quantifying dynamic HIs between a set of different
hydrophobic peptides (shown in Table 1) and an extended
hydrophobic surface as a function of the experimental distance
DX and the simulation distance DS, respectively. (c) Hydrophobic
mutations are introduced specifically at the C-terminal tail end of a
hydrophilic (GS)n-based scaffold. In experiment (a) a PEG12-
diamine-based polymer linker is used to covalently graft peptides
on a molecularly smooth OH/COOH terminated SAM on a gold
surface (roughness, σRMS ≤ 2−3 Å). The contour length of LC = 10
nm is indicated. Gold-coated AFM tips (radius, RAFM ∼ 15 nm) are
hydrophobized with a SAM and interactions between different
surface grafted peptide mutations (see Table 1) and the
hydrophobic tip are measured. In the simulation, the PEG linker
is not included, and the contour length of the individual peptides
amounts to LC ∼ 3.4 nm. In (b) the N-terminal peptide end and
applied pulling direction are marked with an arrow.
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using surfaces without grafted peptides are shown in Figure S11
as well.
On the basis of the data sets of individual pulling trajectories,

the interaction free energy difference between the bound and
unbound states of the different pulled peptides with the
hydrophobic tip surface can be estimated using JE:39

= ⟨ ⟩−Δ −e eG k T W k T/ /B B (1)

The free energy difference, ΔG, is related to an exponential
average of the mechanical work W over an infinite number of
realizations of the same nonequilibrium protocol that probe the
full work distribution. In practice, an estimate for the free
energy difference is given by the same equation using a finite
number of realizations n and work values Wi (i = 1, 2, ..., n)
calculated from individual pulling curves,36,40 such that the true
difference is approached as n → ∞.
Through Jarzynski averaging, one can hence exactly obtain

the equilibrium free energy difference between the beginning
and end states of a nonequilibrium process. A definition of
these states is important for identifying and assessing the
dissipated work in an experimental setting. In our experiments,
the beginning state consists of a relaxed linker and peptide
interacting with an AFM tip in equilibrium, while the end state
corresponds to both the linker and peptide similarly relaxed
(i.e., under no tension) but with the tip far away from the
peptide. Thus, the equilibrium free energy difference between
these two equilibrium states consists nearly totally of the
contribution from the hydrophobic peptide−AFM tip inter-
action. We note that the macroscopic AFM spring is in zero

position before and after the integration starts. As a
consequence, and as shown in our previous work, integrating
the measureable work from t = 0, where the force F = 0 until
postbond rupture (where F = 0 again), provides an excellent
estimate of surface/molecule36 and intermolecular binding free
energies.41

In practice, the measured work includes a contribution to
extend the PEG tether prior to bond rupture, after which point
the tether relaxes back to equilibrium and its stored energy is
dissipated. Thus, the linker affects the distribution of work
values obtained, the extent of deviations from equilibrium
behavior, and in turn how easily the Jarzynski average can be
converged with a finite number of runs. However, in principle
for an infinite number of runs, the calculated underlying free
energy difference should be insensitive to the linker since it is in
a relaxed configuration in both the beginning and end states.
Long linkers will require more measurements of the process in
order to converge the free energy difference, but again are not
expected to significantly alter it. Moreover, in our case the short
linker likely adopts a quasi-equilibrium state during most of the
pulling process prior to rupture, as unfolding/refolding of a
PEG linker (here LC ∼ 10nm) is very fast relative to the present
AFM pulling rates.42,43 This behavior should further reduce
spread introduced by the linker in the work distribution and, in
turn, the finite-run sample bias in the Jarzynski free energy
estimate. Information related to the convergence of our free
energy estimates is provided in the SI, while error estimates and
bias are discussed in more detail below. We also note that
Hummer and Szabo discuss in great detail the physics of

Table 1. Peptide Mutation Sequences and Summary of Experimentally Obtained and Simulated Interaction Free Energies with
Extended Hydrophobic Surfaces

mutation
sequence

experiment ΔG
(kBT)

simulation fast-pull ΔG
(kBT)

simulation slow-pull ΔG
(kBT)

simulation equilibrium umbrella
sampling ΔG (kBT)

three-body angle model ΔG
(kBT)

a

-N(GS)5 below detection
limit

20.9 ± 1.7 7.4 ± 0.5 4.6 ± 0.1 N/A

-N(GS)4GL 7.6 ± 0.8 17.5 ± 3.2 10.3 ± 0.7 8.0 ± 0.1 7.8
-N(GS)4L2 8.8 ± 0.9 22.9 ± 4.6 13.4 ± 2.4 7.9 ± 0.1 10.5
-N(GS)3GL3 12.2 ± 1.1 31.1 ± 2.4 10.5 ± 3.3 11.6 ± 0.1 13.0
-N(GS)3L4 17.9 ± 0.8 33.3 ± 2.1 16.7 ± 1.5 13.1 ± 0.1 14.6
-N(GS)3(GL)2 9.6 ± 0.6 − − − −
-N(GS)2(GL)3 14.0 ± 0.7 − − − −
-N(GS) (GL)4 16.2 ± 1.1 − − − −

aErrors are not provided for ΔG values from the three-body angle model, since this is already an approximate theory utilizing reference probability
distributions for which the uncertainties are difficult to rigorously assess.

Figure 2. (a) Typical master curve with about 80 individual rupture events measured between -N-(GS)3LLLL functionalized surface and
hydrophobic tip, aligned by the best WLC fit with a contour length of 10 nm and a persistence length of 0.37 nm. Inset shows a typical
individual SM-AFM force distance profile with both a primary adhesive minimum and a single molecular rupture signature at 60% full
extension of the linker. The inset shows a fit by an extended DLVO theory (for fit details see SI). (b) Normalized histogram of the measured
work distribution. The inset in (b) shows Jarzynski’s free energy ΔG as a function of the number of force trajectories.
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extracting specific free energy contributions from nonequili-
brium measurements and their evolution along a pulling
coordinate that involves linker stretching measured by
macroscopic spring devices.44,45

Using JE we can hence estimate the interaction free energies
for all designed peptide permutations interacting with the
hydrophobic tip at three different loading rates (see Table S4
and Figure S12).36,40 In Figure 3 the estimated JE interaction

free energies are shown for all peptides. Interestingly, the
overall interaction scales approximately linearly with the
number of leucine units, with fits showing that each additional
hydrophobic unit contributes 3.4 ± 0.4 kBT for consecutive and
3.0 ± 0.4 kBT for nonconsecutive leucine mutations (see again
Table 1). This falls within the range of values measured by
macroscopic bulk methods for various interacting hydro-
phobes46 and is consistent with simulation dimerization free
energies for methane (∼1.2−3.4 kBT),

47,48 cyclohexane (4.6
kBT),

46 and benzene (3.4 kBT).
49

More interestingly, the HI free energy of 3.0−3.4 kBT per
leucine unit describes all mutation results within experimental
uncertainty, whether hydrophobic units are located next to each
other or separated by a glycine. This suggests that the
mutations used are intrinsically unstructured and interact
noncooperatively with the hydrophobic surface. MD simu-
lations of the peptides in bulk and at the surface support this
interpretation, showing that none of the mutations have
pronounced formation of secondary structures (Figures S2−
S4). In solution, all simulated peptides exhibit similar and
somewhat broad distributions for radius of gyration (Rg),
solvent-accessible surface area (SASA), and number of
intrapeptide hydrogen bonds that is suggestive of a diverse
structural ensemble. The same distributions do reveal some

sequence-specific signatures when the peptides are near the
hydrophobic surface, but they remain broad and are consistent
with unstructured behavior.
These observations strongly suggest a linear model for the

peptide−surface interaction free energy with the number of
leucines present:

Δ = Δ − Δ + ΔG n g g n g( )L L GS tot GS (2)

Here, nL is the number of leucines, ntot is the number of
residues excluding caps, and ΔgL and ΔgGS are the free energies
of removing a single leucine or (averaged) glycine/serine
residue from the surface, respectively. Thus, in Figure 3, the
intercept is given by the interaction free energy of the scaffold
with the surface, and the slope by the difference in interaction
free energy of a leucine residue versus that of the scaffold (Table
2). Similar additivity for the solvation of small hydrophobic
monomer units in a homopolymer was previously noted by Li
and Walker.50 Within experimental uncertainty and in the
context of this model, the mutation of a peptide residue from
hydrophilic to hydrophobic has an additive effect on its
interaction with a hydrophobic surface, regardless of the
proximity (spaced or adjacent) to other hydrophobic
monomers. Thus, we do not detect any cooperativity or
anticooperativity between the hydrophobic units, although it is
possible that such effects may be present at a level smaller than
the experimental uncertainty.
Simulation-calculated free energies of peptide removal follow

the same approximately linear trend as in experiments, but are
slightly higher than those determined experimentally and
increase with pulling rate (Table 1). This is not surprising for
at least two reasons: simulated pulling rates are necessarily
orders of magnitude faster than the ∼10−4 Å/ns of experiments,
and the simulations are also limited to fewer pulling runs in
each case (60 at the slowest rate). Both factors magnify the
statistical bias introduced by JE. It is evident from eq 1 that this
bias originates in the asymmetric weighting by the exponential
of low work values in the averaging procedure; thorough
sampling of rare trajectories, with work values well below the
mean, is thus necessary for convergence. When the number of
runs is limited, as here, our calculations (Table S1) show that a
single pulling curve with a low work value skews the free energy
calculations.
It is well-known that the bias introduced by JE for finite

sample sizes is nontrivial51 and increases with pulling rate and
nonequilibrium driving; therefore, we suspect that both the
experimental and simulated slopes are overestimated to some
degree. In both, the bias appears more significant for faster
pulling, and in simulation it also increases with the number of
leucines, as illustrated by the decrease in slope moving from the
fast to slow rate in Figure 3. Section 1 (SI) describes a
procedure to approximate it for each peptide using these
results. In the experiments, we estimate a nonsystematic bias

Figure 3. Comparison of experimentally and theoretically estimated
interaction free energies as a function of the number of leucines.
For the fast-pulling (10 Å/ns) and slow-pulling (2 Å/ns) MD cases,
the R2 values for the linear fits are 0.71 and 0.80, respectively. All
other R2 values are >0.90.

Table 2. Fitting Parameters for Free Energy Model Linear in the Number of Leucinesa

(kBT) experiment nonconsecutive experiment consecutive simulation fast-pull simulation slow-pull simulation equilibrium

slope 3.0 ± 0.4 3.4 ± 0.4 3.8 ± 0.7 1.9 ± 0.5 2.1 ± 0.0
intercept 4.3 ± 1.0 3.1 ± 1.0 17.5 ± 1.9 7.9 ± 0.7 4.9 ± 0.1
ΔgGS 0.4 ± 0.1 0.3 ± 0.1 1.7 ± 0.2 0.8 ± 0.1 0.5 ± 0.0
ΔgL 3.5 ± 0.4 3.7 ± 0.4 5.6 ± 0.7 2.7 ± 0.5 2.6 ± 0.0

aΔgGS is the free energy change per residue of removing the scaffold from the surface, and ΔgL is the free energy change of removing a single leucine
residue.
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between 2 ± 1 kBT for the slowest experimentally recorded
pulling rates of 0.5 μm/s. The bias increases to 4−6 kBT for 1.5
μm/s and up to 8−10 kBT for the fastest experimentally applied
pulling rate of 2 μm/s, while rare low-work events still result in
almost no variation of the estimated free energy, irrespective of
the pulling rate (Table S3). In all of these cases, the bias does
not seem to affect the slope in Figure 3, such that the
experimental HI per leucine appears well approximated in the
quoted range from 3 to 3.4 kBT.
The use of both forward and reverse (toward the surface)

pulling simulations with bidirectional free energy estimators,
such as Bennet’s acceptance ratio (BAR), has also been shown
to reduce systematic bias in nonequilibrium studies like this.52

The reverse protocol is not possible in experiment for the
present scenario, but we do compute these with simulations.
Still, we find that convergence of simulation reverse work
distributions is poor (Tables S1−S2). Here the BAR formula is
also sensitive to rare, negative reverse work values from
trajectories in which the pulling restraint actively fights against
the motion of the peptide as it is attracted toward the surface.
Close inspection of Figure 4A reveals that these rare trajectories
are not well-sampled across all peptides due to the stochastic
nature of the simulations (see SI for additional discussion).
To better understand the limitations of the nonequilibrium

pulling measurements and JE, we perform comparative
equilibrium simulations to calculate free energy differences.
Specifically, we use the umbrella sampling approach in which
the peptide-surface z-distance fluctuations are restrained to a
small window using a harmonic potential. As described in
Materials and Methods, thermodynamic reweighting techniques
then link together multiple such simulations, with systemati-
cally varying windows, to produce detailed free energy curves
and differences. Free energy differences are computed between
a potential of mean force (PMF) curve’s minimum and
asymptote at far distances. Interaction free energies computed
from these equilibrium simulations are generally smaller than
those from JE (Table 1), as expected, yet yield a slope that is in
good agreement with slower pulling simulation runs at 2.1 kBT
per leucine.
Finally, we note that the hydrophilic (GS)5 scaffold is not

included in determining the free energy per leucine for
experiments because we are not able to measure its interactions
with the surface (see Figure S11). Table 1 shows that the
scaffold has a ∼3 kBT smaller interaction free energy than the
(GS)4GL peptide when calculated from simulations. Interest-
ingly, the simulation runs at faster pulling rates predict the
scaffold affinity to be large, which is an artifact due to a biasing
of the configuration of (GS)5 near the surface due to the
applied restraint (Figure S2); the bias is less significant at
slower pulling rates that allow the peptide to well-equilibrate
with the surface. It should also be re-emphasized that, while the
presence of a surface limits the conformational space explored
by the peptides compared to fully solvated configurations, all
lack well-defined structures in both states (Figures S2−S4).
Moreover, all peptides have relatively fast conformational
rearrangement times (assessed by the Rg autocorrelation time)
at 0.5−2.0 ns on the surface and slightly longer in solution
(Figure S5).
In experiment, we are limited to analyzing interaction free

energies and measured forces, while the nonequilibrium
simulations, which nearly quantitatively reproduce these
experimental results, suggest a molecular, mechanistic picture
of the pull-off process and in turn various contributions to the

work distributions. For example, Figure 4B shows that
detachment for (GS)5 is quite different from that of the
other peptides; once even a single leucine is introduced, the
peptide extends substantially prior to detachment in order to
maintain leucine residues near the surface (also see Video S1 of
the SI for the (GS)3L4 case). This trend is manifested in
peptide pull-off time and distance, radius of gyration, numbers
of shell waters, and SASA (Figures S6−S7).
Simulations also show different regimes of the work−

distance curves associated with distinct underlying molecular
mechanistic processes (Figure 5): (1) initial perturbation from
a stable surface configuration; (2) low-tension peptide
extension; (3) high-tension extension in which the peptide
exhibits WLC behavior; and (4) dragging through solution.
The work for the (GS)5 peptide primarily lies in the first
regime, but as leucines are added, contributions from the high-

Figure 4. (a) Forward, P(Wfor) (red), and negated reverse,
P(−Wrev) (black), work distributions show that slower pulling
rates (2 Å/ns, solid bars) significantly reduce the hysteresis and
spread observed at faster pulling speeds (10 Å/ns, lightly shaded).
At slower pulling rates, many negative work values (positive here,
as negated reverse distributions are shown) are observed during
reverse pulling runs. (b) Black dots are force versus distance
profiles from single, typical trajectories, and red lines are force
profiles averaged over all trajectories. Inset structures show peptide
chains in green (hydrophilic) and orange (hydrophobic) and pulled
atoms (black) at the time of pull-off for all trajectories of a
particular peptide. These structures are sized and aligned such that
they are proportional to the scale on the x-axis.
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extension regime grow, reflecting the increased strength of the
peptide-surface interaction. For all leucine-containing peptides,
work contributions for surface perturbation and dragging
through solution are roughly equivalent. Interestingly, this
matches the expectation that HIs, and thus surface affinity,
should grow with the number of leucine residues present, with
the largest energy barrier to detachment being the creation of
hydrophobic surface areas.
Importantly, the simulations reveal molecular-structural

factors associated with the linear increase in binding free
energy with the number of leucines. For example, the bare
scaffold shows an increase in peptide-water and a decrease in
intrapeptide hydrogen bonds upon its removal from the surface,
but the trend gradually shifts as leucines are added until it is
inverted for the (GS)3L4 case (Figure 6). Moreover, the
additional hydrophobic surface area exposed upon detachment
from surface into solution generally increases with the number
of leucines, and such that each leucine independently
contributes a relatively equal amount to the total change in
hydrophobic surface area. As more are added, however, the
peptide backbone geometry does not permit all leucines to
directly contact the surface, forcing at least one leucine in the
(GS)3GL3 and (GS)3L4 cases to remain partially or fully
solvated when the peptide is near to the SAM (see also Figure
S2 for visual renderings).
In such molecularly sized systems, it is not expected that the

changes in interaction free energies should follow a macro-
scopic trend by scaling with the hydrophobic surface area.
Indeed, we find that the effective surface tension, computed as
the free energy change per change in hydrophobic SASA, varies
with the number of leucines. Such an analysis neglects the
contributions of the hydrophilic portion of the peptide, but
more importantly ignores well-known differences in the nature

of the HI for small and large hydrophobes.53 Namely, hydration
of small hydrophobes (<1 nm) tends to be entropically

Figure 5. Contributions to the work are shown from each pulling regime for slow-pulling runs of the simulated peptides. Pulling regimes
correspond to changes in the slope of the work versus distance curve and are physically defined as: (1) from the beginning of the simulation
until the pulled atom is off the surface; (2) until the centers of geometry of one less than the number of nonleucine residues are off the
surface; (3) until the last atom in the peptide is off the surface; and (4) from pull-off until the end of the simulation. For all events described,
the cutoff for being on the surface is set to a height of 21 Å above the fixed carbons of the dodecane molecules. Without any leucines, the
largest contribution to the work appears in regime 1 or the perturbation of the peptide’s configuration on the surface. With addition of
leucines, stronger interactions result in larger contributions to the work after the peptide is extended (regime 3).

Figure 6. Change in average peptide properties moving from a
surface-restrained state to solution. (a) With increasing leucines,
peptides gain fewer peptide-water and more intramolecular
hydrogen bonds in moving from the surface to solution, consistent
with the slight increase in α-helical tendency (Figure S2). (b)
Changes in SASA are similar between peptides, while changes in
hydrophobic SASA roughly increase with the number of leucines.
Contributions to ΔSASAhyd are broken down by leucine: LEU1
refers to the leucine closest to the C-terminus of the peptide, LEU2
the next inward along the chain, and so on. Note that for (GS)3L4,
backbone constraints prevent all four leucines from simultaneously
becoming solvent shielded in the surface-associated state (Figure
S2).
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unfavorable due to water’s unique cavity fluctuations and scales
with cavity volume, whereas large ones (>1 nm) pay an
enthalpic penalty for solvation that scales with exposed solute
surface area.53 Recent efforts have also nuanced these ideas in
terms of water−solute interaction energies,10 solute-local
density fluctuations,54 and orientation of water dipoles.55

However, it is difficult to directly apply these kinds of analyses
to the present peptide-surface systems due to the fluctuating,
nonrigid nature of the peptide conformations and to the
statistical accuracy with which the relevant quantities can be
determined in these large, computationally expensive runs.
To seek molecular signatures that may delineate distinct

regimes of HI physics, we thus characterize hydration water
structure at the initial and final equilibrium states of the pulling
process (Figure 7). Longstanding views have sought to

understand HIs in terms of water’s unique tetrahedral
correlations,56−60 and to quantify these, we calculate distribu-
tions of the angle formed by triplets of coneighboring water
molecules within a 5 Å hydration shell of both the peptide and
SAM surface. In bulk water this distribution peaks near the
tetrahedral angle (109.5°), but surfaces and molecules can
either induce enrichment or depletion of tetrahedral, random
(∼90°, ideal gas-like), or icosahedral (∼60°, simple liquid-like)

populations.56 As controls for comparison, we characterize how
the extended hydrophobic SAM surface alone perturbs water
structure (large-scale physics) versus how a single solvated
isobutane, a leucine side-chain analogue, does the same (small-
scale). We find that the bare SAM enriches the uncorrelated
and icosahedral populations of waters, indicating a reduction in
tetrahedral configurations, while the opposite is true for
isobutane.
These reference cases provide context for the interpretation

of similar distributions near interfacial and bulk-solvated
peptides. For peptides on the surface, nearby waters exhibit
behavior like those near the surface itself, with very little
sequence-specific variation. In this context, it appears that water
near the SAM surface (with or without peptide) exhibits weaker
tetrahedral preference, as expected from large-scale hydro-
phobicity theory.53 Interestingly, however, when the peptides
have been pulled off and into solution, the tetrahedral
population grows and increasingly so with the number of
leucines. While a cluster of one or two leucines should still act
as a small hydrophobe in solution, three or four if grouped
together should begin to enter the large-scale regime beyond 1
nm. The surprising fact that the tetrahedral region of the angle
distribution systematically increases with the number of
leucines suggests that each is solvated in an independent
fashion from the remaining, possibly due to geometric
restrictions imposed by the backbone. Similar trends are also
observed in the solvation free energies of moderately short-
chain n-alkanes showing that collapse is not favorable, leaving
the alkane in an extended conformation.61

Because the angle distributions of the peptides on the surface
all look similar, one might imagine that the sequence variation
in the bulk-solvated peptides (far from the surface) may signal
the variation of association free energy alone. To examine the
relation of shifts in three-body angle distributions to interaction
free energies, we conduct equilibrium umbrella-sampling
simulations for an isobutane molecule with the SAM surface,
which gives a surface-to-bulk free energy change of 5.4 kBT
(Figure S9). We define a per-water solvation penalty given by
5.4 kBT normalized by the average number of waters in the
isobutane hydration shell. We hypothesize that the number of
waters around a peptide that exhibit three-body angles similar
to the isobutane distribution contribute this penalty to the
overall association free energy. Similarly, we hypothesize that
the remaining waters exhibit an angle distribution associated
with the (GS)5 scaffold and contribute based on a reference
scaffold per-water solvation free energy.
To apply these ideas, we fit each peptide’s three-body angle

distribution as a weighted sum of the distributions for the
(GS)5 scaffold in solution and isobutane in solution, which
bracket all perturbations of the bulk water distribution made by
the hydrophobe-containing peptides (Figure 7). This gives f iso,
the fraction of the distribution that looks like the isobutane one
versus that of the scaffold. Given the model assumptions, a
simple model for the association free energy is

Δ =
Δ

+ −
Δ⎛

⎝
⎜⎜

⎞
⎠
⎟⎟G N f

G
N

f
G

N
(1 )isoW,pep iso

iso

W,iso

GS

W,GS (3)

Here, Nw,x is the number of shell waters around either x = the
peptide, isobutane, or (GS)5 scaffold, and ΔGx is the free
energy of removing such a group from the surface. Remarkably,
consideration of only water structure near each leucine-
containing peptide produces free energies via the above

Figure 7. (Top panel) Probability density distribution of the triplet
angle formed by water molecules with two nearest neighbors, in
which the angle is measured at the oxygen site. For comparison, a
simple Lennard-Jones fluid with icosahedral coordination has a
distribution peaked slightly below 60° with a much smaller
secondary peak just above 109°. An ideal gas, non-interacting
fluid has a broad distribution with a peak near 90°. (Middle and
bottom panels) Changes to the triplet angle distribution for the
peptide-SAM systems. The dashed curve in the central figure
pertains to hydration waters within 5 Å of the SAM surface, while
the dashed curve at bottom refers to waters near a fully solvated
isobutane molecule. Other curves give the perturbation to the
system distribution for each peptide either restrained on the surface
(middle) or far away in solution (bottom panel). Gray arrows show
changes with increasing leucines, which, with the exception of the
three and four leucine distribution comparison, are found to be
statistically significant at the 5% confidence level by the
Kolmogorov−Smirnov test.
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model that closely agree with the actual values (Tables 1), with
a slope of 2.3 kBT/LEU, only slightly higher than 2.1 kBT/LEU
as estimated from detailed free energy calculations. Though this
model might be improved through more explicit consideration
of how mutations affect peptide chain entropies, it seems clear
that three-body structural information of water may be a
powerful indicator of solute−solute and solvation thermody-
namics.
In summary, these results highlight qualitatively distinct

structural behavior for waters in the vicinity of the extended
hydrophobic interface versus near the molecularly sized
hydrophobic leucine side chains. Moreover, the three-body
angle distribution for hydration waters around a peptide evolves
with added leucines in a way that closely tracks the free
energies, moving toward that of the purely hydrophobic
isobutane side-chain analog. The angle distribution thus offers
a convenient signature of HI regimes suitable to flexible,
heterogeneous, soft-matter systems.

CONCLUSIONS
In summary, this combination of experimental and simulation
approaches provides a molecular view into dynamic single-
molecule−surface interactions under applied load, in particular
the all-important HI in the context of peptides, which may
easily extend to arbitrary other surface−molecule interactions.
The experimental and theoretical experiments are in good
agreement given the precision of the measured data, with no
parameters fit between the two. For the interaction of
hydrophobic model scaffolds, we find that hydrophobic leucine
units have an estimated interaction free energy of about 2.1 kBT
from simulation, which compares well to the experimental
range 3.0−3.4 kBT, and both suggest that hydrophobic amino
acids interact independently and additively with the surface.
Our results demonstrate how single-molecule measurements
with AFM can complement and validate theoretical data at
solid/liquid interfaces, providing a roadmap to increase
precision. In turn, modeling of the pulling process shows
how an individual surface-to-molecule interaction dynamically
breaks, and how equilibrium interaction free energies can be
estimated from such nonequilibrium experiments in both
simulation and experiment. Our approach will prove useful for
designing synergistic experimental and simulation studies for
understanding molecular thermodynamics and fluctuations at
solid/liquid interfaces under dynamic load in a wide range of
fields, including interactions at biointerfaces and adhesive
interactions in technological systems in a broad context ranging
from, e.g., cell−surface, cell−cell interactions to adhesive
bonding in biomedical applications.

MATERIALS AND METHODS
Chemicals and Materials. Highest available purity 1-undecane-

thiol (UDT, 98%), 11-mercaptoundecanol, 16-mercaptohexadecanoic
acid, 11-thiol-undecanoic acid, N-hydroxysuccimid (NHS), 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC·HCl),
phosphate buffered saline (PBS), ethylenediamine, and 0,0′-bis(2-
carboxyethyl)dodecaethyleneglycole and all solvents were used as
received (Sigma Aldrich). Peptide sequences were purchased from jpt
Peptide Technologies GmbH (Berlin, Germany). Milli-Q water
(Millipore, resistivity of ≥18 μΩ-cm, TOC below 2 ppb) is used for
preparing NaCl solutions (pH = 5.5−5.7, cNaCl = 1 mmol for all
measurements).
AFM Measurements. All AFM measurements are performed in a

home-built closed fluid cell (Nanowizard 1, JPK Instruments,
Germany) using gold-coated silicon tips (CONT-GB, BudgetSensors).

The thermal noise method is used to estimate the spring constants of
different cantilevers,62 typically varying from 250 to 500 pN/nm.
Deflection versus displacement raw data are converted into force versus
relative distance profiles using the JPK software. The closest approach
is set to D = 0. At least 2000 force runs on a grid with 10 × 10 points
(7.5 nm spacing) are measured for various approach rates (0.1, 0.5, 1,
1.5, 2 μm/s), which is also known as force mapping mode. A
maximum force of 500 pN was set during contact with the sample, in
order to avoid blunting of the rather soft gold tips. During contact, no
dwell time is set, i.e., the tip is retracted immediately at every position
during each force run. All data are recorded and analyzed using JPK
data processing software. Force profiles showing specific single-
molecule events are specifically analyzed, and both rupture forces as
well as the work of each trajectory are extracted from the data as
described below.

AFM Tip Preparation. Gold-coated silicon tips were cleaned in
H2SO4, H2O, H2O, and EtOH (each step 1 min), dried in N2 stream,
and placed in a 1 mM ethanolic solution of 1-undecanethiol. After 18−
24 h, the tips were taken out of the solution, washed with hexane and
ethanol to remove any unbound thiols, and dried in a N2 stream before
use for AFM experiments.

Surface Grafting. Atomically smooth gold surfaces were prepared
using templating techniques described in detail elsewhere.22 Freshly
stripped gold surfaces were immediately placed into a mixed SAM
solution of 16-mercaptohexadecanoic acid and 11-mercaptoundecanol
(ratio: 1:500). After 12−18 h, the surface was taken out of the
solution, washed with hexane and ethanol to remove any unbound
thiols, and dried in a N2 stream. After SAM preparation surfaces were
placed in a solution of NHS (4.4 mg), EDC·HCl (18.2 mg), and 400
μL diethylamine for 2 h at room temperature. The surface was cleaned
with PBS, H2O, and EtOH and dried in a N2 stream. After
functionalization with diamine, the surface was placed in a solution
of NHS (4.4 mg), EDC·HCl (18.2 mg) and 0,0′-bis(2-carboxyethyl)-
dodecaethyleneglycole (10 mg in 10 mL PBS solution) for 2 h at room
temperature. The surface was cleaned with PBS, H2O, and EtOH and
dried in a N2 stream before being placed in a solution of NHS (4.4
mg), EDC·HCl (18.2 mg), and the respective peptide (0.35 mmol in
10 mL PBS solution). Note: For the peptide sequence
GSGLGLGLGL, we used EtOH instead of PBS solution for the last
step. Tips were taken out just before experiment, washed with PBS,
H2O, and EtOH, and dried in a N2 stream. For detailed XPS analysis
of the surface chemistry, see Figure S10A.

Peptide Grafting to Surfaces. Au surfaces are modified with a
mixture of 11-mercaptoundecanol and 16-mercaptohexadecanoic acid
providing a diluted acid group in order to further anchor model
proteins by a three-step process: (1) An OH/COOH ratio of 1:500 is
used in order to prevent any lateral interactions between the grafted
molecules. The slightly longer carboxylic acid enables an effective
condensation eq 1 with ethylenediamine, followed by (2) a second
condensa t ion reac t ion wi th 0 ,0 ′ -b i s (2 -c a rboxye thy l ) -
dodecaethyleneglycole, forming the “backbone” of the protein anchor
(for detailed XPS analysis of the surface chemistry see Figure S10A).
The free carboxylic acid can then be (3) modified by any designed
peptide sequence in a third reaction step. Table 1 shows the peptide
sequences used in this work. Control experiments using surfaces after
each grafting step are shown in Figure S11.

Criteria for Accepting a Single-Molecule Event. For SM-AFM
analysis, the contour length is a hard selection criterion, and only
profiles with LC ≤ 10 nm were evaluated. Longer molecular stretching
indicates a sequence with a longer backbone (e.g., dirt). In our
experiments, we observed ≪1% of such artificial events. The second
criterion for evaluation is that the single-molecule rupture event must
follow the WLC model with a contour length of 10 nm and a
persistence length of ∼ 0.37 nm, which indicates stretching a single
polymeric chain as designed and shown in Figures 2 and S11. Only
force distance profiles with specific rupture events that fulfilled the
above two requirements were analyzed.

Simulated System. We constructed surfaces to emulate the
properties of the experimental SAM of 11-carbon alkanethiols on an
Au111 surface, as shown in Figure 8. For alkanes of this length, a rigid,
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extended structure of each chain is adopted, with a √3 × √3 R30°
monolayer structure.63,64 Simulated SAMs are constructed from
dodecane chains aligned to this periodic structure with a nearest-
neighbor spacing of 4.98 Å. The resulting surfaces were approximately
60 Å × 60 Å, with 12 and 14 chains in the x and y directions,
respectively. To maintain atomistic resolution and avoid introducing
new parameters, atoms in dodecane chains are assigned standard
AMBER force field atom types of “CT” and “H.” For simplicity,
charges are assigned based on the work of Siu et al.65

We minimize initial structures and then equilibrate surfaces for 200
ps with periodic boundary conditions at 300 K in the NVT ensemble.
A position restraint (spring constant of 10 kcal/mol Å2) fixes one end
of each dodecane chain at the correct lattice location. The resulting
surface structure exhibits fully extended chains with an average CH3
density at the nonfixed chain end of 21 Å2/CH3 and an average chain
tilt angle of around 19°. This tilt is smaller than the experimentally
reported value of ∼30° for chains of a similar length,25,28,63,64 even
considering that the tilt angle distribution is expected to be fairly
broad.25,28 Numerous studies have tried to address simulated tilt
angles in alkanethiol SAMs on Au111 surfaces,24,25,27,28 using both
united atom24−26 and atomistic models,27,28,66 but very often require
force-field tuning or significant atomic constraints.30,35 We allowed the
chains to move freely with the assumption that the discrepancy in tilt
angles is not expected to affect the qualitative predictions made in this
study, as all peptides will see a similar hydrophobic surface. From the
equilibration trajectory, two-dimensional radial distribution functions
for the chain termini demonstrate a well-ordered structure as expected.
The simulated system lacks an explicit gold surface and thus also the

vdW attractions that could potentially lead to lower predicted free
energies. However, a rough estimate shows that long-range vdW
attractions cause the slope in Figure 3 to increase by <0.1 kBT/leucine,
as shown in the SI.
A periodic box is defined with dimensions of ∼60 × 60 × 100 Å3

(Figure 8), which accommodates an extended peptide length of ∼34 Å
and a nonbonded cutoff of 8 Å. 10,000 waters are added via the crystal
solvation modules in AMBER. Solvated systems are energy minimized
and then equilibrated with two separate MD simulations: first heating
from 100 to 300 K over 500 ps at constant volume, then 1 ns of NPT
dynamics at 1 bar.
Simulation Protocol. MD in all steps are carried out using

PMEMD in the AMBER 14 package with explicit TIP3P waters67 and
the ff14SB force field.68 Though past studies have shown that the
choice of water model can influence the precise behavior of
hydrophobic phenomena,69,70 here we maintain the TIP3P model to
ensure consistency with the chosen protein force field. Throughout, a

2 fs time step is employed, and SHAKE and SETTLE are used to
constrain all bonds involving hydrogen atoms.71,72 We use a Langevin
thermostat with a collision frequency of 2 ps−1 and an anisotropic
Berendsen barostat.73 Both are weakly coupled, and we verify the
absence of significant density variations during nonequilibrium pulling.

In nonequilibrium simulations, the pulling coordinate is defined as
the height of the pulled peptide end (the α-carbon opposite the
hydrophobic leucine residues) above the fixed carbons of the SAM
(Figure 1). Pulling is performed at rates of 10 Å/ns and 2 Å/ns with a
spring constant of 0.251 kcal/mol·Å2 (350 pN/nm), using a custom
restraint potential in AMBER that pulls only in the z direction, normal
to the surface. To generate an ensemble of initial conformations for
forward pulling runs, we simulate the entire system for 20 ns at 300 K
and 1 bar using a flat-bottom harmonic restraint with spring constant
0.8 kcal/mol·Å2 to keep the peptide end within 18 Å above the bottom
of the surface. A total of 30 configurations for fast-pulling runs, or 60
for slow-pulling, evenly spaced in time, are chosen from the last 18 ns
of this trajectory as seeds for forward pulling runs, with randomly
assigned initial velocities at 300 K.

Initial conformations for the reverse runs (toward the surface) are
obtained from bulk simulations. Each peptide is solvated in a water box
that extends at least 20 Å on each side, then simulated for 100 ns at
300 K and 1 bar. Thirty (for fast-pulling) or 60 (for slow-pulling)
peptide conformations from the last 90 ns are selected at even time
intervals to be placed 60 Å away from the position of the fixed carbon
atoms in the surface. Before performing reverse pulling runs, the
resulting system is solvated and equilibrated as already described,
except that the α-carbon positions of the peptide are restrained during
heating and density equilibration to preserve the chosen configuration.

In equilibrium umbrella-sampling simulations, the setup is similar to
that described above for equilibrating the peptide on the surface.
Instead of restraining the pulled α carbon, we instead restrain the
center of mass of all leucine residues, or the center of mass of the
isobutane molecule, using a harmonic potential with a spring constant
of 2.0 kcal/mol·Å2. Depending on the peptide, 23−28 windows from
18.0 to 50.0 Å away from the fixed carbon atoms of the SAM are used
(17 windows 16.0−29.0 Å away for isobutane). For each window, 50
ns (10 ns for isobutane) of simulation time is generated and
subsequently used to compute a PMF, except for (GS)4GL, for which
80 ns was used. This is necessary to converge the calculations due to
large conformational fluctuations in the unrestrained glycine/serine
portion of the peptide.

Free Energy Estimates. With the exception of free energies
reported from umbrella sampling, all estimates of the free energy are
computed with JE39 using only forward realizations of the non-
equilibrium pulling process. Variances in these free energy changes are
estimated using 10,000 bootstrap resamples of the original data. To
analyze umbrella sampling simulations, the free energy was computed
as the difference between the invariant, asymptotic portion at far
distances, and the minimum of PMFs generated using the MBAR
algorithm74 implemented in pymbar.75 It should be noted that these
free energy differences are subtly different than those computed via JE
in two ways. First, they represent the free energy for moving the center
of mass of leucine residues to a position far from the surface rather
than the α carbon opposite these hydrophobic residues. Second, they
do not include the free energy of applying a harmonic restraint, as the
effect of this has been removed from the PMF through MBAR. To
address the first, PMFs computed over both leucine center of mass and
pulled α carbon indicate that this free energy difference is similar
(Figure S9), though significantly more complicated for the case of the
α carbon. In the case of the second difference, this contribution is
expected to be small, as mentioned earlier.36

With simulations, it is also possible in principle to make use of
reverse pulling simulations of the peptide toward the surface. Reverse
moves tend to improve convergence of free energy estimates76−78 and
allow use of the BAR79−81 approach, which often improves upon the
forward-only JE for an equivalent number of trajectories.52,78 While
this proves true for the simulations at faster pulling rates, poor
convergence of the reverse distributions in slower pulling simulations
proves detrimental to these estimates. Comparisons of free energy

Figure 8. Dimensions of the simulation box are initially set to 60 ×
60 × 100 Å, with pressure equilibration resulting in an increase of
the box height to around 103 Å. The x and y coordinates of the
system are defined to be in the plane of the surface, with the z
coordinate normal to the SAM. In all simulations, the peptide is
pulled along only the z coordinate, as shown in the right figure with
waters removed.
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estimates from both JE and BAR, as well as detailed methodologies to
account for statistical and sampling errors in these estimators, are
discussed in the SI.
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