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Peptide friction in water nanofilm on mica surface∗
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Peptide frictions in water nanofilms of various thicknesses on a mica surface are studied via molecular dynamics

simulations. We find that the forced lateral motion of the peptide exhibits stick-slip behaviour at low water coverage;

in contrast, the smooth gliding motion is observed at higher water coverage. The adsorbed peptide can form direct

peptide–surface hydrogen bonds as well as indirect peptide–water–surface hydrogen bonds with the substrate. We

propose that the stick-slip phenomenon is attributed to the overall effects of direct and indirect hydrogen bonds formed

between the surface and the peptide.
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1. Introduction

Polymer adsorption, adhesion and friction on in-

organic surfaces play a key role in many applications,

including surface modification, lubrication, biominer-

alization and molecular self-assembly.[1−3] In partic-

ular, interfacial properties of hybrid interfaces with

solid surface, water, organics, and biomolecules are of

increasing interest.[4−21] Both atomic force microscope

(AFM) experiments and molecular dynamics (MD)

simulations have shown that even if the adsorbed

polymers exhibit comparable desorption forces, their

planar mobility may be drastically different.[22−24]

Using MD simulations, Serr et al.[22] studied the

polypeptide mobility and adhesion in bulk solutions

on both hydrophobic and hydrophilic surfaces. They

found that forced motion on the hydrophilic surface

exhibited stick-slip due to the hydrogen-bond (H-

bond) kinetics and the motion was smooth on the

hydrophobic surface. Muscovite mica surface is a

widely used solid substrate for the study of inter-

facial phenomena because of its smoothness at the

atomic scale. Water adsorbed on the mica surface

in ambient conditions exhibits an ice-like structure

that epitaxially grows on the substrate and this or-

dered water has been extensively studied experimen-

tally and theoretically.[25−38] Self-assembly of pep-

tides with charged residues/terminals in bulk solu-

tions was observed on the mica surface,[39,40] howev-

er, the highly hydrophobic peptides hardly form epi-

taxial nanofilaments under the same circumstances.

In our previous study, we found an unexpected self-

assembly behaviour of the hydrophobic peptides in

a water nanofilm condensed on a mica surface,[41]

which provided a new insight into some interfacial

processes.[42−46] It is expected that polymers interact-

ing with the mica surface at the mica-water interface

are different from those interacting with the other sur-

faces in the absence of interfacial ordered water.

In this study, the forced peptide motions in water

nanofilms of various thicknesses on the mica surface

are investigated by MD simulations. Both the stick-

slip motion and smooth motion are observed at differ-

ent water coverages. The former motion corresponds

to a lateral friction force with pronounced loading-

release cycles, whereas the latter one corresponds to

a rather constant force. The H-bond kinetics result-

ing from direct peptide–surface H bonds and indirect

peptide–water–surface H bonds, as well as from the

peptide main chain and side chains, is discussed. We
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propose that the overall effects of the direct and in-

direct H bonds formed between the surface and the

peptide dominate the stick-slip behaviour observed at

low water coverage.

2. Model and methods

The 2M1-muscovite mica has a structure of 2:1

layered dioctahedral (hydroxy-) aluminosilicate with

formula unit KAl2(Si3Al)O10(OH)2. A layer of mi-

ca surface consists of one octahedral aluminum sheet

sandwiched between two tetrahedral silicon sheet-

s which expose the basal oxygen atoms of the six-

member (Si, Al) rings, and can be built by cleaving

the muscovite along the (001) plane in the middle of

interlayer space. Substituting Si by Al in the tetrahe-

dral sheets with a ratio of Al/Si = 1/3 results in a net

negative surface charge which is balanced by potassi-

um counterions.

In this study, the model decapeptide (Ace-(Val-

Asn)5-NMe) is composed of alternating valine and as-

paragine residues and its N-terminus and C-terminus

are protected by acetyl and methylamide groups, re-

spectively. Water shells with the number of water

molecules N = 0, 100, 200, 300, 400, 500, 600, 700,

and 900 were placed around the peptide, resulting in

nine different systems. A monolayer coverage of water

on the mica surface in the absence of peptide corre-

sponds to N = 288 in the present work.[26,28,32] The

initial configuration of simulation box is schematically

shown in Fig. 1 (drawn with VMD 1.9[47]). The mini-

mal distance between the outmost water shell and the

average position of surface basal oxygen atoms was

set to be approximately 0.7 nm in each system. The

unit cell parameters for bulk mica were taken from

the high-resolution X-ray reflectivity study,[48] and al-

l tetrahedral Al atoms were arranged in an ordered

fashion as indicated in Ref. [32]. The mica surface

consists of 12 × 4 unit cells and the final rectangular

simulation box for each system had x, y and z dimen-

sions of 6.20 nm× 3.58 nm× 20 nm, which included

a free space of at least 15 nm in the z direction. A re-

pulsive potential wall was placed at z = 14 nm in each

simulation box to prevent vaporized water molecules

from trapping by the periodic image of mica surface.

All MD simulations were performed using the

GROMACS program package.[49] The CLAYFF[50]

force field and the SPC[51] water model were used to

simulate the mica surface and water, respectively. The

CLAYFF has been used to well reproduce the exper-

imental crystal structure for mica as well as to study

the mica-water interface via MD simulations.[32] Pa-

rameters for the peptide were derived from the Amber

ff99SB-ILDN[52] force field. The Lorentz–Berthelot

mixing rules[53] were used for the mixture parameter-

s: εij = (εiiεjj)
1/2 and σij = (σii + σjj)/2, where,

εii and σii are the parameters of atom i for inter-

action energy and molecular diameter, respectively.

The particle mesh Ewald (PME) method with a cor-

rection term for slab geometry[54] was used to treat

long-range electrostatic interactions, whereas the van

der Waals interactions were treated with a cutoff dis-

tance of 1.0 nm. The temperature and pressure were

controlled using velocity rescaling thermostat[55] and

Parrinello–Rahman pressure coupling scheme,[56] re-

spectively. All bonds connecting hydrogen atoms were

constrained using SETTLE[57] for the water molecules

and P-LINCS[49] for the peptide and the mica surface.

Periodic boundary conditions were used in the three

directions. A time step of 2 fs was used and the data

were collected every 1 ps.

K+

Al

x

z

Si

6 nm

12 nm

2 nm

Fig. 1. (colour online) Schematic representation (side

view along the x direction) of the initial configuration of

simulation box. O atoms are depicted in red, N in blue,

C in cyan, H in white and K+ ions in purple. Water

molecules are represented by surface rendering method.

The triangular polyhedra contain Si (yellow) and alu-

minum (pink) in the centre and the other polyhedra are

Al octahedra. The position of the repulsive potential wall

is depicted as blue dashed line.

In order to determine the x and the y supercel-

l dimensions for the mica surface, preliminary cal-

culations consisted sequentially of energy minimiza-

tion, 100-ps MD runs at constant volume and con-

stant temperature (NVT) of 300 K and 4-ns MD runs

at constant pressure and temperature (NPT) of 1 bar

(1 bar=105 Pa) and 300 K, respectively. The last 2 ns

was used to determine the final supercell dimensions.

With the predetermined box parameters, further re-

laxations of each system were achieved in three stages.

Initially, the mica surface was held rigid and the en-

ergy of the system was minimized. This was followed

by 100-ps MD runs in the NVT ensemble to ensure
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the complete adsorption of the peptide–water mixture

on the surface. Then the system was equilibrated for

50 ps with all atoms of the system being free to relax.

The next 30-ns production runs started with these

optimized configurations and the total momentum was

set to be zero. The terminal NMe residue moved along

the x axis at a velocity of 0.5 m/s by using the pul-

l code with a spring constant of 500 kJ·mol−1·nm−2.

The pull code implemented in GROMACS has been

successfully used to mimic the AFM experiments in

previous MD studies.[16,22,58,59] Error estimates were

determined by block averaging.[60]

3. Results and discussion

It has been demonstrated that the friction co-

efficient of a polymer molecule adsorbed on a sur-

face is not only dependent on the peptide adsorp-

tion force, but also related to the surface potential

corrugations.[22−24] Figure 2 clearly shows that the

number of water molecules on the surface, N , drasti-

cally influences the friction and the adsorption of the

peptide. The average lateral friction force is about

F x ≈ 922.0 pN at the dry surface (N = 0) and

then decreases with N increasing and finally reaches

F x ≈ 4.5 pN when 900 water molecules are present in

the system, which is approximately 200-fold reduced

compared with the mean friction force at N = 0. It

should be pointed out that the mean friction force

decreases very gradually at 100 ≤ N ≤ 200 and at

300 ≤ N ≤ 500. The average distance Z between

the Cα atoms of the peptide and surface basal oxy-

gen atoms increases monotonically with the increase
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Fig. 2. (colour online) Average lateral friction force Fx

(black circles) of the peptide together with the correspond-

ing average distance Z (blue diamonds) between the Cα

atoms of the peptide and surface basal oxygen atoms, ver-

sus the number N of water molecules on the mica surface.

of the number of water molecules on the surface, in-

dicating that the peptide has an affinity for the air–

water interface and the peptide adsorption force on the

mica surface is weakened as more water molecules are

present on the surface. In the previous study, White-

house et al.[40] found that the spontaneous formation

of β-sheet tapes at the mica surface in aqueous so-

lution was unable to be imaged by AFM, unless the

peptide/binding energy was raised by using a solvent

mixture of 10% water in 2-propanol (v/v). Engin et

al.[61] studied the partitioning of amphiphilic peptides

at the air–water interface via MD simulations and they

concluded that the dehydration of hydrophobic pep-

tide side chains dominates the free energy of transfer-

ring the amphiphilic peptides from bulk water to the

air–water interface. We note that these results are in

agreement with ours.

A detailed analysis of the lateral friction force

with two different numbers of water molecules is

shown in Fig. 3 for comparison. The time evolution of

the lateral displacement in the system with 200 wa-

ter molecules displays a distinct stick-slip behaviour,

whereas an almost smooth gliding motion is observed

for the peptide in the system with 700 water molecules

(see Fig. 3(a)). From Fig. 3(b) commensurate with the
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Fig. 3. (colour online) (a) Lateral displacement ∆X

and (b) lateral friction force Fx of the peptide, each as

a function of simulation time t, for the system containing

N = 200 (blue) and N = 700 (black) water molecules,

respectively.

lateral displacement, we observe many loading-release

cycles with force spikes up to Fx ≈ 1300 pN in the sys-

tem with 200 water molecules. On the other hand, the

lateral friction force fluctuates around its mean value
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of 14.4 pN in the system with 700 water molecules.

It should be pointed out that the latter motion is

similar to the polypeptide friction on a hydrophobic

surface.[22] We also note that there is only one or two

water layers sandwiched between the peptide and the

mica surface in the system with 200 water molecules

(see Fig. 2) and the restricted lateral translations of

these interfacial water molecules[32] may influence the

lateral friction of the peptide.

In the presence of water adsorbed on the surface,

the peptide binds to the surface with specific func-

tional groups, while the rest is mainly immersed in

the water. It is expected that the adsorption pro-

cess of the dissolved or partially dissolved peptide in

water nanofilm will be in competition with the inter-

facial water molecules on the surface. There are t-

wo probable manners for the peptide to interact with

the surface: either through the formation of direct

peptide–surface H bonds or through the formation of

indirect peptide–water–surface H bonds. Moreover,

both the peptide main chain and the polar side chains

could contribute to these two types of H bonds. Fig-

ure 4 shows the average number of H bonds nHB as

a function of the number of water molecules on the

mica surface. The direct and the indirect H bond-

s together with their sum, as well as the decomposed

contributions from the main chain and side chains, are

considered. The geometrical criterion was used here

to define the existence of an H bond when the O...O

distance is less than 0.35 nm and the angle H–O...O

is less than 30◦.[62] As shown in Fig. 4(a), the direct

H bonds formed between the surface and the peptide

are attributed mainly to the side chains. The peptide

main chain hardly forms any H bond with the surface

in the presence of water. The direct nHB contribut-

ed from the side chains gradually decreases to zero at

N > 400. This can be explained as follows. The op-

timal distance between the Asn–NH2 group and the

corresponding Cα atom is approximately 0.37 nm. At

N = 500, the average distance between the peptide

Cα atoms and surface basal oxygen atoms is about

0.73 nm. Thus, the mean minimal distance between

Asn–NH2 groups and surface basal oxygen atoms is

obtained to be 0.36 nm, which is slightly beyond the

intermolecular O...N cutoff distance when one H bond

is estimated to form. It should be pointed out that the

direct nHB contributed from the side chains exhibits

an abrupt decrease from N = 200 to N = 300, which

indicates that the hydration layer shields the surface.

In Fig. 4(b), we show that the indirect H bond-

s formed between the surface and the peptide main

chain almost vanish at N > 500, which is attributed

to the increased thickness of the sandwiched water

layers between the peptide and the mica surface (see

Fig. 2). The indirect nHB contributed from the side

chains increases very gradually from N = 100 to

N = 500, which is accompanied by the loss of direct
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Fig. 4. (colour online) Average number of H bonds nHB

as a function of the number N of water molecules on the

mica surface. (a) Direct and (b) indirect H bonds and (c)

their sum are shown separately. Total (blue squares) num-

ber of H bonds is decomposed into the sum of the number

of H bonds contributed from the peptide main chain (black

circles) and that from the side chains (green triangles).

H bonds formed between the surface and the peptide

side chains (see Fig. 4(a)). As a result, we observe

from Fig. 4(c) that the peptide side chains have a

lower propensity to form H bonds with the surface

through direct and indirect interactions as more wa-

ter molecules are present on the surface. The overall

nHB formed between the surface and the peptide, de-

creasing with the number of water molecules on the
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substrate increasing, slowly varies at 100 ≤ N ≤ 200

and at 300 ≤ N ≤ 500. We note that these two region-

s exactly coincide with the regions where F x varies

gradually as observed in Fig. 2, suggesting that the

overall effects of direct and indirect H bonds formed

between the surface and the peptide determine the

lateral friction force of the peptide.

As mentioned above, the lateral displacement of

the peptide pulled along the surface correlates to the

lateral friction force. In other words, the lateral fric-

tion force with distinct loading-release cycles indicates

the occurrence of a stick-slip motion and vice versa.

To reveal the relationship between the lateral motion

of the peptide and the peptide−surface interactions,

we take the system with 200 water molecules for ex-

ample. The time evolutions of the number of direct

and indirect H bonds, and their sum, as well as the

time evolutions of lateral displacement of the peptide,

are shown in Fig. 5. At t = 16 ns, a breakage of the

indirect H bonds occurs (Fig. 5(b)), while the direct H
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Fig. 5. (colour online) Number of H bonds nHB (black, s-

moothed over 50 ps) with respect to simulation time t and

the corresponding lateral displacement ∆X (blue), for sys-

tem containing 200 water molecules. (a) Direct and (b)

indirect H bonds, and (c) their sum are shown separately.

Only the results for 9.5 ≤ t ≤ 20.5 ns are shown for clarity.

bonds are still maintained (Fig. 5(a)). Subsequently,

a breakage of the direct H bonds appears, whereas a

reformation of the indirect H bonds is observed. At

t ≈ 16.6 ns, the number of direct H bonds and that

of indirect H bonds decrease simultaneously, which is

accompanied by a slippage event. Note that the break-

ages of the overall H bonds including both direct and

indirect contributions, coincide well with the slippage

events (Fig. 5(c)). This suggests that the overall ef-

fects of direct and indirect H bonds formed between

the surface and the peptide dominate the stick-slip be-

haviour of the peptide pulled along the mica surface.

4. Conclusions

Peptide adsorption and friction on the mica sur-

face are strongly associated with the thickness of the

water nanofilm adsorbed on the substrate. As a result

of the weak adsorption force on the substrate and the

affinity for the air–water interface, the average lateral

friction force of the peptide on the dry surface is about

two orders of magnitude larger than that with a wa-

ter nanofilm of ∼ 1-nm thickness on the surface. The

forced lateral motion of the peptide exhibits a stick-

slip behaviour at low water coverage; in contrast, the

peptide motion is smooth at higher water coverage.

The peptide can form direct peptide–surface H

bonds as well as indirect peptide–water–surface H

bonds with the substrate. We find that the peptide

main chain hardly forms direct hydrogen bond with

the mica surface. Thus, we expect that the peptide

composed of only hydrophobic amino acids, interact-

s with the substrate through the formation of indi-

rect H bonds in the presence of the water nanofilms.

These indirect H bonds could be responsible for the

“epitaxial” self-assembly behaviours of the hydropho-

bic peptides in ambient water nanofilms on the mica

surface.[41] After careful analysis of a 11-ns trajecto-

ry, we conclude that the overall effects of direct and

indirect H bonds formed between the surface and the

peptide dominate the stick-slip behaviour observed at

low water coverage.
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