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C H A P T E R 1

INTRODUCTION

ABSTRACT

Non-specific interactions between biomolecules and polymeric surfaces are cru-
cial for the improvement of biomedical devices such as biosensors. To control
the physisorption of proteins to polymeric substrates, fundamental knowledge of
this process has to be gained. In this chapter we present the general background
and motivation for the study of non-specific interactions between proteins and
polymeric surfaces in buffer solution. At the end of this chapter we provide an
outline of this thesis.



2 Introduction

1.1 Background and motivation

In-vitro diagnostics plays a very important role in the present healthcare system.
It consists of a large variety of medical devices designed to diagnose a medical
condition by measuring a target molecule in a sample, such as blood or urine. In
vitro is the latin term for in glass and refers here to the fact that the samples are
investigated outside the living organism. The range of target molecules is very
broad, spanning from salts to small molecules, proteins, nucleic acids and cells.
An important segment in this range is the measurement of macromolecules, such
as biomarker proteins or nucleic acids, in biological samples.

The biomarkers at low concentrations are measured using specific affinity
molecules such as antibodies or oligonucleotides [1]. Antibodies are a specific
type of proteins that selectively bind to the target biomarker protein, also called
antigen. In figure 1.1 the steps in a typical protein affinity assay are schemat-
ically represented. The solid phase, that can be a flat substrate or a particle,
is coated with the affinity molecules (step A). The antibodies can be attached
chemically or physically, the second case involving non-specific interactions be-
tween the antibodies and the solid phase (site 3 in figure 1.1). The biological
sample is added and the antigen binds to the antibodies (step B). The biologi-
cal sample is typically a complex fluid, like blood, urine or saliva, containing
many proteins that can also adsorb non-specifically to the solid phase (as in site
1 in figure 1.1), altering the sensitivity of the assay. Through a washing step the
unbound molecules are separated from the bound antigens (step C). Finally, the
target biomarker is detected by binding labeled antibodies (step D). At this step
the labeled antibodies might also physically adsorb to the solid phase (site 2 in
figure 1.1), in which case the sensitivity of the assay is again altered. The labels
bound to the antibodies, depicted by green stars in figure 1.1, can be fluorescent
molecules, enzymes or magnetic particles [1].

Biosensors are compact systems for rapid detection of biological molecules.
The first commercial biosensor was introduced in 1975 for glucose analysis by
the Yellow Springs Instrument Company, based on the pioneering work of Clark
and Lyons [2,3]. Since that time, biosensors are becoming more integrated, more
sensitive, smaller, faster and cheaper and are becoming available for more and
more classes of biomarkers. The immunoassays can be performed nowadays in
devices with very different formats, from the high-throughput parallel analysis
on well-plates to integrated point-of-care biosensors using lab-on-a-chip tech-
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Figure 1.1: Schematic picture of an immunoassay, with the main steps: A. the coating
of the solid phase with the antibodies (depicted in gray); B. the addition of the bio-
logical sample, containing different macromolecules (depicted in red, green and blue)
and binding of the target molecules (depicted in red); C. the separation of the antibody-
antigen pairs through washing; D. the detection using a labeled antibody (marked with a
green star). The label can be a molecule or a larger particle. The sites 1 and 2 represent
non-specific interactions in the assay. Also site 3 can be a non-specific interaction.

nology. The solid phase in these devices is very often a polymeric glass. Poly-
meric glasses, such as polystyrene, are easy to process and can be produced at
low costs, which makes them suitable for disposable cartridges in lab-on-a-chip
devices [4].

An important process in the immunoassays is the physisorption of the macro-
molecules to the polymeric solid phase [5, 6], e.g. coupling of affinity molecule
to polymeric carrier, and non-specific binding of molecules from the biologi-
cal sample onto the polymeric carrier, as we showed above (sites 1–3 in figure
1.1). These processes play a very important role in the limit of detection, which
is given by specific binding (signal) over non-specific binding (background).
Therefore, the understanding of the non-specific binding of macromolecules to
polymeric surfaces is crucial for the improvement of the sensitivity in these de-
vices.
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1.2 Aim and outline of this thesis

The scope of this thesis is to gain fundamental knowledge on the physisorption
of proteins onto polymeric surfaces and to understand how to model this pro-
cess. The goal of this work is to model the interaction between myoglobin and
polystyrene, within a clean buffer.

In this sense, it proves crucial to characterize the polymeric surfaces which
are very often the solid phase in biosensor devices. We perform a systematic
study of the species of interest in a model biosensor and their mutual interactions:
the polymeric substrate, the buffer solution and the biomolecule.

The main research questions we attempt to answer are:

• How does oxidation influence the properties of the polymeric substrate (in
our case amorphous atactic polystyrene)?

• How does the water on the surface of the polymeric substrate influence the
properties of this surface?

• How is the water structure and dynamics at the interface influenced by the
presence of the polymeric substrate?

• How do the water properties at the interface change by changing the hy-
drophilicity of the polymeric surface?

• How do the polymeric surface properties influence the non-specific ad-
sorption of a biomolecule?

It is worth mentioning that these questions have a fundamental nature, going
beyond the specific context of biosensors development. There are other applica-
tions, such as protein adsorption to medical implants [7], for which the answers
to these questions are important.

This project is part of the Dutch Polymer Institute (DPI) program Functional
Polymer Systems (project number #677) and is a close collaboration between
researchers from the experimental group Molecular Biosensors for Medical Di-
agnostics (MBx) at Eindhoven University of Technology (TU/e), namely Marijn
Kemper, Dr. Leo van IJzendoorn and Prof. dr. ir. Menno Prins and from our
group, Theory of Polymers and Soft Matter (TPS) at the same university, in-
cluding Dr. Alexey Lyulin and myself, doing computer simulations. This thesis
summarizes the computational results obtained in this project.

Computer simulations provide detailed informations about the nature of the
non-specific interactions between the biomolecule and the polymeric substrate,
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at molecular and atomic scales. The high level of detail obtained from simula-
tions on a smaller scale is complementary to the experimental results obtained at
a larger scale.

The initial setup of the simulations is made in close relation with the exper-
imental conditions. We model the solid phase of the biosensor by a polystyrene
film, as it is used in experiments. The chemical modification of polystyrene
matches also the experimental oxidation. The water is modeled explicitly, at
atomic scale, and ions are added to the solution to reproduce the buffer concen-
tration used in experiments. The biomolecule in our simulations is myoglobin,
the same as in the experiments performed by our collaborators. We interpret
our results taking in account the experimental results as well, and compare them
when possible.

The polymeric substrate is in our case modeled by an atactic amorphous
polystyrene thin film. Pure polystyrene is a hydrophobic material that is highly
susceptible to non-specific binding of proteins. The polymeric surface can be
made more hydrophilic by covalent coupling of hydrophilic macromolecules or
by oxygen treatment [8, 9]. We tune the hydrophilicity of the surface by adding
oxygen atoms to the phenyl rings of the polystyrene chain. This addition of
oxygen is a way to mimic the oxidation of polystyrene surfaces that is performed
in experiments.

We represent the buffer solution in simulations by explicit water molecules
described at atomistic level, to which we add Na+ and Cl- ions to reproduce the
salt concentration in the experimentally used buffer solution.

We chose myoglobin as model biomolecule because it is a relatively small
globular protein, well studied in the past and it represents a good candidate for
practical applications.

We start off, in Chapter 2, by describing the main principles of our inves-
tigation method, that is molecular-dynamics simulations. In the same chapter
we describe our models for the studied molecules: polystyrene, water, ions and
myoglobin. We also present the ways in which we analyze our results.

We would like to mention at this point that each of the chapters 3 – 6 starts
with an introduction, that will provide the background, including a literature
overview, to the topic.

The first question we intend to answer is to which extent the model used
to represent the polystyrene chains is important for the macroscopic proper-
ties of the polystyrene films and in particular to their interaction with the water
molecules. To tackle this issue, we chose two representations of the polystyrene
chains: the united atoms representations on one hand, in which only the heavy
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atoms are modeled explicitly and the hydrogen atoms are collapsed on the carbon
atoms to which they are covalently bonded, and the dummy-hydrogens atoms
representation on the other hand, in which the hydrogen atoms are modeled as
interaction sites with no mass and with a positive partial electrical charge. The
results of these simulations are presented in Chapter 3.

We begin our systematic study on the interacting species in a biomedical de-
vice by characterizing the polymeric substrate, the atactic amorphous polystyrene
film. In Chapter 4 we present the results of molecular-dynamics simulations
of polystyrene surfaces with controlled degree of oxidation. The variations in
degree of oxidation, ranging from 0% to 24% degree of oxidation at the sur-
face, correspond to different degrees of hydrophilicity of the polystyrene surface,
from hydrophobic to hydrophilic. We study the influence of the oxidation on the
roughness of the film, both in vacuum and in water environment. We compare
our results from simulations with experimental results obtained by our collabo-
rators. We also analyze the ordering of the molecular segments in non-oxidized
and oxidized polystyrene at the interface with vacuum and with water. The struc-
ture of the water interface near polystyrene surfaces with different hydrophilicity
is analyzed as well.

Since the interaction between proteins and polymeric surfaces is a water-
mediated process, it is very important to know how water behaves near these
surfaces. In Chapter 5 we discuss the dynamics of water near non-oxidized
(hydrophobic) and oxidized (hydrophilic) polystyrene surfaces, both in united-
atoms and dummy-hydrogen atoms representations. We discuss the orientational
dynamics of water molecules and its dependence on the distance from the in-
terface. Furthermore, the translational dynamics of water molecules is briefly
discussed.

In Chapter 6 we study the nature of non-specific adsorption of myoglobin, as
model protein, to hydrophobic and hydrophilic polystyrene surfaces. We investi-
gate the importance of the orientation of the protein in the process of adsorption.
We also discuss the influence of the hydrophilicity of the surface on the strength
of adsorption of the protein. We compare our results with experimental results
obtained by AFM measurements obtained by our collaborators.

We conclude this thesis by Chapter 7, in which our main results are summa-
rized. In addition, we give there an outlook on further interesting questions.



C H A P T E R 2

MODELS AND METHODS

ABSTRACT

In this chapter we describe the computational methods we applied for investi-
gating the structural and dynamic properties of polystyrene films, water and pro-
tein, and their interactions. We also present the models we use to describe the
molecules of interest for this study, from the protein myoglobin, through syn-
thetic polymers, namely polystyrene, to small but not necessarily simpler water
molecules. The methods of analysis of static and dynamic properties used in
these work are also reviewed.
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2.1 Molecular-dynamics simulations

Computer simulations are extensively used to study a large range of systems,
from sub-atomic scale up to macroscopic scale. Depending on the scale of inter-
est, different computational methods have been developed. Molecular-dynamics
(MD) simulations are very useful to investigate systems at molecular scales, as
the name also suggests. The typical size of the investigated system ranges from
nanometers to micrometers. Depending on the size of the system and on the
level of detail used in the model, the time-scales accessible by this method are
between picoseconds and microseconds.

Molecular-dynamics simulations imply solving Newton’s equations of mo-
tion

mi
d2~ri

dt2 = ~Fi(t), i = 1,2, ...,N (2.1.1)

for all particles in the system, where mi and~ri are the mass and the position of
the ith particle and ~Fi(t) is the force acting on the ith particle at time t.

The force on a particle i is the negative gradient of the interaction potential:

~Fi(t) =−
∂U(~r1,~r2, ...,~rN)

∂~ri
. (2.1.2)

The total potential energy U(~r1,~r2, ...,~rN) is obtained as the sum of bonded con-
tributions, namely from bond stretching (Ubond), angle bending (Uangle), torsion
of dihedral angle (Udihedral), improper dihedral (Uimp), and non-bonded contribu-
tions, namely from Lennard-Jones excluded-volume (ULJ) and electrostatic (Uel)
interactions (2.1.3):

U(~r1,~r2, ...,~rN) = (Ubond +Uangle +Udihedral +Uimp)+(ULJ +Uel). (2.1.3)

The bond stretching is a two-body interaction and we model it as a harmonic
contribution to the total potential energy of the system:

U(~ri,~r j) =
1
2

ki j(li j− l0
i j)

2, (2.1.4)

where ki j is the force constant of the bond length, li j is the bond length between
atoms i and j, and l0

i j is the equilibrium bond length between the same atoms.
Sometimes, to save computational time by increasing the time step, it is more
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convenient to keep the bond lengths constant during the simulation. This can be
done using the LINCS (Linear Constraint Solver) algorithm [10].

The angle bending is a three-body interaction. We describe it also as a har-
monic function:

U(~ri,~r j,~rk) =
1
2

ki jk(θi jk−θ
0
i jk)

2. (2.1.5)

Here, ki jk is the force constant for the bond angle, θi jk the angle between atoms
i, j and k and θ 0

i jk the equilibrium angle between these atoms.
The torsion of the dihedral angles is a four-body interaction which can be

written as:
U(~ri,~r j,~rk,~rl) =

1
2

ki jkl(1− cos(nφi jkl)) (2.1.6)

A dihedral angle φi jkl is used to describe the interactions between atoms i, j, k
and l, which can be a torsion of the main chain bonds or the flipping of a phenyl
ring. Here n is the number of minima in the potential.

The improper dihedral angle is used to keep the planarity of some groups,
such as the phenyl rings. The potential energy associated with the improper
dihedral has the form of a harmonic potential:

U(~ri,~r j,~rk,~rl) =
1
2

kξ (ξi jkl−ξ0)
2, (2.1.7)

with ξi jkl being the dihedral angle between the planes (i, j,k) and ( j,k, l), and kξ

being the force constant of the improper dihedral potential.
One important assumption in molecular-dynamics simulations is that the

non-bonded part of the potential is pair-wise additive. The Lennard-Jones in-
teraction potential has the form:

U(~ri,~r j) =
C(12)

i j

r12
i j
−

C(6)
i j

r6
i j

, (2.1.8)

with the parameters C(12)
i j and C(6)

i j being obtained from the atomic parameters

C(12)
ii , C(12)

j j , C(6)
ii and C(6)

j j using the geometric combination rule:

C(12)
i j = (C(12)

ii C(12)
j j )1/2, (2.1.9)

C(6)
i j = (C(6)

ii C(6)
j j )

1/2. (2.1.10)

We model the electrostatic interactions by the Coulomb potential:

U(~ri,~r j) = f
qiq j

εrri j
, (2.1.11)
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with f = 1
4πε0

= 138.935 kJ mol−1 nm e−2 being the electric conversion factor.
The unit e in the previous expression is the electron charge.

To better deal with the long-range electrostatic interactions, particle-mesh
Ewald (PME) summation was used [11,12]. This method is an improved variant
of the Ewald summation, which was introduced to calculate long-range interac-
tions of periodic images. The idea behind it is to decompose the slowly con-
verging sum over electrostatic potentials in two more rapidly converging sums,
namely the direct and the reciprocal terms, and a constant term. The PME
method uses an improved way of calculating the reciprocal term, by introduc-
ing a fine mesh to which the charges are assigned, Fourier transforming the grid
to calculate the reciprocal energy term, obtaining the potential by inverse trans-
formation and finally calculating the force on each particle by interpolation. This
algorithm is more suitable for large systems since it scales with the number of
particles N as NlogN, instead of N2 as it is the case of Ewald summation.

We are using the GROMOS 53A6 force field parameter set [13–15]. The
choice of the force field was motivated by the larger perspective of the entire
project, which includes atomistic simulations of proteins. Nevertheless, we com-
pared results of simulations of atactic polystyrene films performed with GRO-
MOS 53A6 force field with results obtained with the force field by Mondello et
al. [16], which was used by several authors for simulating atactic polystyrene
[17–20], and we find a good agreement of the bulk density, average density and
thickness of the film.

2.1.1 The integration algorithm

All the simulations in this thesis are performed with the GROMACS (GROningen
MAchine for Chemical Simulations) [21] package of programs. To integrate the
equations of motion 2.1.1, GROMACS uses the leapfrog algorithm [], which is
one form of the more generic Verlet method []. The leapfrog algorithm takes its
name from the way in which the coordinates and velocities are calculated and is
based on the following equations:

~vi(t +
1
2

δ t) = ~vi(t−
1
2

δ t)+δ t~ai(t), (2.1.12)

~ri(t +δ t) = ~ri(t)+δ t~vi(t +
1
2

δ t), (2.1.13)

where ~ai =
~Fi
mi

is the acceleration of the ith particle and~ri and~vi are the position
and velocity of the ith particle, respectively. For a better illustration of the al-
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gorithm we schematically represent in figure 2.1 the idea behind this integration
method.

Figure 2.1: Schematic illustration of the leapfrog algorithm: the coordinates ri are cal-
culated at every time step, while the velocities vi are calculated at the half time steps
inbetween.

The velocity of the particle i at time t can be calculated as:

~vi(t) =
1
2
(~vi(t +

1
2

δ t)+~vi(t−
1
2

δ t)). (2.1.14)

The time step δ t is typically between 2 and 4 fs.

2.1.2 Statistical ensembles: thermostats and barostats

Storing the velocities is not absolutely necessary, but it might be useful for cal-
culating, for example, the kinetic energy of the system. The trajectory of the
simulated system is obtained by storing the particle coordinates in time. As a
result, the time-evolution of the system is obtained, allowing us to calculate dif-
ferent macroscopic properties using statistical physics methods.

To ensure the correct application of the statistical physics, the simulations
are performed in a specific thermodynamic ensemble. In this work we perform
the MD simulations in the isothermal-isobaric (NPT), in which temperature T
and pressure p are kept constant, and in the canonical (NVT) ensemble, where
we fix the temperature T and the volume V of the system.

The temperature of the system is controlled, by introducing a thermostat. In
our MD simulations we used the Berendsen [22] and the velocity-rescale [23]
thermostats. The Berendsen thermostat is a weak-coupling method in which the
temperature deviation decays exponentially. The temperature of the system is
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corrected as follows:
δT
δ t

=
T0−T

τ
, (2.1.15)

where T0 is the reference temperature and τ is the time constant of the decay and
defines the strength of the coupling. The Berendsen thermostat does not generate
a correct canonical ensemble, especially for small systems. Nevertheless, for
large systems most of the properties will not be drastically affected.

The velocity-rescale thermostat is also a weak-coupling thermostat. The
temperature is controlled by scaling the velocity of each particle at every time
step with a time dependent factor λ . The velocity-rescale thermostat has, addi-
tionally to the Berendsen thermostat, a stochastic term, which allows it to pro-
duce a proper canonical ensemble. For correct canonical-ensemble simulation,
there is the option in GROMACS to use the Nosé-Hoover temperature coupling.

To fix the pressure in the system we use the Berendsen barostat [22], in which
the pressure relaxes towards the reference pressure P0:

δP
δ t

=
P0−P

τp
. (2.1.16)

In the isotropic case, in which pressure is applied in all directions, this is
achieved by rescaling the volume of the simulation box with a factor µ and the
coordinates and box vectors with a factor µ

1
3 , with

µ = 1− ∆t
3τp

β (P0−P(t)), (2.1.17)

where β is the isothermal-compressibility factor of the system. β is not known
for most of the systems and is also not critical for the coupling, that is why in
practice the compressibility factor of water is used, which at 300 K and 1.01325
bar has the value β = 4.6×10−5 bar−1. This value is also close to the isothermal
compressibility of many other liquids.

In the anisotropic case the coordinates and box vectors are rescaled with the
scaling matrix, which has the form:

µi j = δi j−
∆t
3τp

βi j(P0i j−Pi j(t)). (2.1.18)

2.2 Polystyrene models

For different questions different representations of polystyrene might prove use-
ful. With increasing the amount of details represented, the calculation load in-
creases, limiting the time-scale accessible to the simulation. In the following we
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will discuss two possibilities to describe polystyrene: the united-atoms (UA) and
dummy-hydrogen atoms (DHA) representations.

2.2.1 United-atoms representation

Figure 2.2: Schematic picture of the united atom representation of polystyrene in all-
trans configuration (black: carbon atom, gray: united atom). The phenyl ring planes
perpendicular to the backbone represent the conformation with minimal energy.

In the UA representation, the hydrogen atoms are not modeled explicitly, but
as if they are collapsed on the carbon atoms to which they are covalently bonded,
see figure 2.2. The mass of these hydrogen atoms is added to the carbon atoms.
The UA model is computationally more efficient than all-atoms models, since
fewer atoms have to be simulated. Using the UA model, it is also possible to use
a larger time step, since the vibration of the bond between the hydrogen and the
carbon atom does not have to be taken into account (assuming that these bonds
are not constrained). The UA model does not contain partial charges, which
reduces considerably the load for calculating the non-bonded interaction term.

2.2.2 Dummy-hydrogen atoms representation

The dummy hydrogen atoms (DHA) model shown in figure 2.3 is very much
the same as the UA model presented in section 2.2.1, only now the charge in
the phenyl ring is delocalized. This is done by introducing dummy hydrogen
atoms in the phenyl rings of the aPS. A dummy atom has no mass, hence it is not
involved in the Lennard-Jones interactions. To keep the chain mass constant, the
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Figure 2.3: Schematic picture of the dummy-hydrogen atoms representation of
polystyrene in all-trans configuration (black: carbon atom, gray: united atom, white:
dummy hydrogen atom). The phenyl ring planes perpendicular to the backbone repre-
sent the conformation with minimal energy.

mass of the missing hydrogen atoms is added to the carbon atoms to which they
are directly connected. The dummy hydrogen atoms and the carbon atoms in the
phenyl group have a partial charge of +0.14e and -0.14e, respectively.

Figure 2.4: Top view of the non-oxidized DHA polystyrene surface in vacuum (cyan:
carbon atom, white: hydrogen atom).
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The structure of the polystyrene in the united atom representation is used as a
starting point. The positions of the dummy hydrogen atoms are calculated from
the positions of the neighboring carbon atoms, they being added at a distance of
0.109 nm along the bisector of the angle between the carbon atom to which the
dummy atom is bonded and the adjacent carbon atoms. The dummy hydrogen
atoms will be placed in plane with the phenyl ring. At the beginning of each
time step, the positions of the virtual atoms are calculated from the positions of
the united atoms, using the same bond lengths and angles as determined when
making the structure. Then all the interactions between all atoms, including the
dummy atoms, are evaluated. Since dummy atoms are more like a geometrical
construction with associated partial charge, they do not contribute to the bond
length, angle or improper dihedral potential, but only to the Coulomb interac-
tions. The force on a virtual atom is distributed among the united atom to which
the virtual atom is bonded and the two adjacent united atoms. Then the new
positions of the united atoms are calculated, taking into account all forces (in-
cluding that from the virtual atoms). From these, the new positions of the virtual
atoms are again calculated. For exemplification, a close-up of a snapshot of the
polystyrene surface in DHA representation is illustrated in figure 2.4, where the
carbon atoms are depicted in cyan and the dummy-hydrogen atoms in white.

2.2.3 Oxidized polystyrene thin films

The simulated atactic polystyrene (aPS) consists of 32 chains of 80 monomers
each, having a molecular weight of≈ 8400. This corresponds to 20512 atoms in
the UA representation and 33312 atoms and dummy atoms in the DHA represen-
tation. The chains were generated as a random sequence of iso- and syndiotactic
dyads, resulting in different atactic configuration for each chain. The model is
similar to that used in previous studies [20,24] and its preparation is described in
appendix 2.7. The system was prepared to create a thin glassy polystyrene film
at 300 K of about 6 nm thickness.

In order to tune the hydrophilicity of aPS films, we attach oxygen atoms to
the phenyl rings in the ortho and meta position and in different amounts, so that
we obtain systems with 0, 6, 12, 18 and 24 % oxygen content at the surface. The
oxygen content is consistent with the values measured by X-ray photo-electron
scattering experiments after UV-ozone oxidation of spincoated aPS, obtained by
Marijn Kemper and reported in reference [25].

A typical top view of the oxidized surface with 12 % oxygen content is
shown in figure 2.5. For each degree of oxidation in the range from 0 to 24% we
prepared four statistically independent systems and performed simulations for
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Figure 2.5: Top view of the oxidized aPS surface in UA representation, with 12% oxy-
gen, in vacuum : red spots represent the oxygen atoms.

them. The final results are averages of these four samples.

2.3 Water models

Figure 2.6: Schematic representation of the simple point charge (SPC) model for water.
~d is the vector associated with the dipole moment of the water molecule.
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The water molecules are modeled using the computationally efficient simple
point charge (SPC) model [26]. In this model water is represented by three
atoms: one oxygen and two hydrogen atoms. The model with its parameters is
depicted in figure 2.6. The atomic volume and the bond lengths are drawn to
scale. The hydrogen atoms carry the partial charge equal to +0.41, while the
oxygen atom have charge -0.82, the molecule being electrically neutral. SPC is
the most simple 3-site model for water. More elaborate, but also computationally
more expensive water models are, for example, the 3-site models SPC/E [27] or
TIP3P [28], the 4-site model TIP4P [28] or the 5-site model TIP5P [29].

2.4 Protein simulations

Figure 2.7: Schematic representation of a generic aminoacid, where C = carbon, N =
nitrogen, O = oxygen, H = hydrogen and R = specific residue for each aminoacid.

Proteins are macromolecules organized in long chains composed of aminoacids.
Each aminoacid is formed of an amine -NH2 and a carboxyl -COOH group that
will connect to the main chain of the protein, and a middle carbon with a side
chain that is specific for every aminoacid and determines its properties. The
generic structure of an aminoacid is schematically depicted in figure 2.7. Of
the total of 20 different aminoacids found in nature, 11 are polar and 9 are non-
polar. The polar aminoacids can be charged, either acidic or basic, or neutral. All
non-polar aminoacids are neutral. In general, polar aminoacids are hydrophilic,
while non-polar ones are mostly hydrophobic. The protein primary structure is
the sequence of the amino acids in the macromolecular chain. Some aminoacids,
if they come in the favorable sequence, can form ordered groups. These groups
will define the secondary structure of a protein. One of the most important com-
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ponents of the secondary structure is a helix. As the name says, in a helix the
main chain is arranged in a helical manner and aminoacids situated at a certain
distance from each other in the primary sequence will form hydrogen bonds.
Helices are relatively rigid structures compared to a disordered macromolecular
chain. The tertiary structure is the 3-dimensional structure of the protein.

Proteins are important for their biological function. The functionality of a
protein is influenced by its structure and the structure-function relation is still a
very alive subject in the scientific community [30], with vast implications in, for
example, food industry or medical applications.

Myoglobin is a widely studied protein. The myoglobin structure was solved
already in 1958 by Kendrew [31, 32], being the first protein with a revealed 3D
structure. John Kendrew was awarded the Nobel prize in chemistry, together
with Perutz, in 1962, ”for their studies of the structures of globular proteins”
[33]. Myoglobin contains a HEME group that is responsible for the oxygen
storage and transportation in the muscle. When a muscle is damaged, as in the
case of myocardial infarction, myoglobin is released in the blood stream and can
be detected. That is why myoglobin is suitable biomarker for heart failure and
other diseases.

Human myoglobin is a globular protein consisting of 153 aminoacids ar-
ranged in α-helices connected by loose loops. The primary and secondary struc-
ture of human myoglobin is shown in figure 2.8. The atomic coordinates of
myoglobin were obtained from The Protein Data Bank (PDB) [34, 35]. In our
simulations we used the coordinates corresponding to the structure 2MM1 [36].
In 2011 this structure was replaced in the PDB by the updated version 3RGK.
To preserve the consistency of our study, we decided not to replace the 2MM1
structure by the newer 3RGK.

The Protein Data Bank (PDB) [34] provides three versions of the secondary
structure of human myoglobin. The first version is obtained using the DSSP
(Define Secondary Structure of Proteins) algorithm [37] and is 77% helical, con-
taining 10 helices formed by 119 from all residues. The second secondary struc-
ture is calculated using the STRIDE (Structural Identification) algorithm [38],
is 79% helical and is formed of 9 helices containing 122 residues. The secondary
structure as provided by the author of the PDB entry is 86% helical and has 132
of its residues arranged in 8 helices. The differences in the three versions of the
secondary structure are based mainly in the interpretation of the small helices
and loops and the choice of one or another of these versions will not play a big
role in the discussion of our results.

The spatial representation of the tertiary structure of human myoglobin, based
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Figure 2.8: Primary and secondary structure of human myoglobin obtained from the
Protein Data Bank (PDB) [34]. The two secondary structures depicted here correspond
to the assignments by DSSP [37] and STRIDE [38] algorithms.

Figure 2.9: Spatial representation of the tertiary structure of human myoglobin, the
color coding standing for the type of residues in the protein: basic (blue), acidic (red),
polar (green), non-polar (white) and unassigned (cyan).
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on the atomic coordinates from the PDB entry, is depicted in figure 2.9. The ba-
sic aminoacids are depicted in blue, the acidic ones in red, the polar residues are
green, the non-polar are white, while the unassigned residues are colored cyan.

2.5 Simulation protocol

We simulated the polystyrene films both in vacuum and in water. For the simu-
lations in vacuum the volume of the system was fixed and the temperature was
maintained constant at 300 K (NVT statistical ensemble). In the case of the
simulations of aPS in water, we equilibrate at fixed temperature and external
pressure (NPT ensemble), rescaling the volume of the box and the atomic coor-
dinates such that the water occupies the free volume in the box, that is created
in the course of the preparation, without altering the water bulk density. The
production runs are performed also for these system in the canonical ensemble.

The polystyrene thin film has a size of 10 nm in both the X and Y direction
and of approximately 6 nm in the Z direction. This film is based in the center of
a simulation box with dimensions of 10 nm by 10 nm by 20 nm in the X, Y and
Z direction, respectively. Periodic boundary conditions are applied in all three
directions.

First, the energy of all simulated films was minimized using a steepest de-
scent method. This step is performed to eliminate large forces which might be
introduced in the systems in the preparation procedure. Next, the systems are
equilibrated in the NVT or NPT ensemble, as described above, by performing a
simulation with 2 fs time step for 100-200 ps. We test whether the systems are
well enough equilibrated by performing a short simulation at constant volume
and constant energy. If in the course of this simulation the temperature remains
constant, we conclude that the system was well equilibrated.

After equilibration, the production runs have been performed with a time step
of usually 4 fs; when simulating the polystyrene film in water we sometimes need
to decrease the time step to 2 fs. The larger time steps are justified by the fact
that we use the united-atom representation and we constrain the bonds, making
them rigid. The total length of each simulation is at least 1 ns. We simulated
some of the systems for 15 ns and we obtained very similar results as after 1 ns
simulations, which is an indication that the results converge.
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2.6 Data analysis

The raw data obtained from the MD simulations are analyzed in order to calcu-
late macroscopic quantities to characterize the interface. To obtain the coordi-
nates of the interface, first we determine the average position of all atoms in the
aPS film during the NVT production simulation by averaging the X, Y and Z val-
ues over the 200 snapshots. The XY plane of the simulation box is then divided
into 100 grid elements of 1 nm by 1 nm. All atoms are then distributed in the grid
elements according to their averaged X and Y positions. In each grid element,
the atom with the maximum averaged Z position is selected. All selected atoms
form the aPS free surface which will be used for further analysis.

2.6.1 Density profiles

The density of a certain material is obtained as the sum of atomic mass in a
certain volume. In practice, we divide the simulation box in slices of 0.1–0.2
nm along the Z axis and we calculate the density of the analyzed material,
polystyrene or water, in each slice. So we can plot the density of polystyrene
or of water as a function of the Z coordinate. This information is very useful for
defining and characterizing the interface between the polystyrene thin film and
water.

2.6.2 Gibbs dividing surface

Interfaces are not as well defined as we might think. At the interface between a
liquid and its vapor continuous evaporation and condensation take place. If we
talk about the interface between a rough solid and a gas or a liquid, the roughness
of the solid makes the interface less well defined than in the case of a smooth
surface. That is why it is important to define a theoretical interface to which we
can relate later results. The Gibbs dividing surface (GDS) is such a theoretical
interface that is widely used in describing interfaces, also known under the name
arbitrary dividing surface [39].

The position of the GDS is calculated by changing the polymer density pro-
file into a step-like profile while keeping the bulk density and the number of
particles constant [39, 40]. A graphical illustration of this procedure is shown in
figure 2.10.
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Figure 2.10: Graphical definition of the Gibbs dividing surface (GDS) based on the
density of the polystyrene film at the interface represented as a function of the height Z.
The two dashed areas are equal in size and represent the excess density above the GDS
(right side) and the deficiency in density, relative to the bulk, under the GDS (left side).

2.6.3 Surface roughness

The roughness of the aPS films is quantitatively analyzed by calculating the root
mean square roughness, defined as

σ =

√
1
N

N

∑
i=1

∆z2
i , (2.6.1)

Here, N = 100 is the number of grid elements, and ∆zi is the distance between
the maximum averaged Z position of the atom in grid element i and the GDS.

2.6.4 Segmental orientation

The orientations of the phenyl rings near the aPS surface are quantified using the
rotational order parameter, defined as:

P2 = 〈
3
2

cos2
θ − 1

2
〉. (2.6.2)
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Figure 2.11: Schematic representation of the angle θ in the definition of the order
parameter P2.

The brackets represent here the average over time and all vectors in a defined
volume. θ is the angle between the box vector in the Z direction, perpendicular
to the film, and a vector parallel to the bond that connects the phenyl ring to the
main chain, as shown in Figure 4.3.

2.6.5 Orientational autocorrelation function

To analyze the dynamic behavior of water near the polystyrene surface, we first
divide the simulation box in layers perpendicular to the Z axis and we identify
the layers that are populated with water molecules. For each layer of water we
calculate the orientational autocorrelation function of the vector associated with
the water dipole using the first-order (P1) and the second-order (P2) Legendre
polynomials:

P1 = 〈~d(τ) · ~d(τ + t)〉, (2.6.3)

P2 = 〈3
2
[~d(τ) · ~d(τ + t)]2− 1

2
〉, (2.6.4)

where ~d(t) is the vector associated with the dipole of the water molecule at time
t. <> denote both the ensemble average over the dipoles in one layer of water
and the average over the time τ .
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2.6.6 Relaxation times

We analyze these curves further, by fitting them with a stretched exponential or
Kohlrausch-Williams-Watts (KWW) function:

Pi(t) = exp[−(t/τi)
βi ]. (2.6.5)

In Equation 2.6.5, i=1,2 stands for the order of the Legendre polynomial, τi is
the characteristic relaxation time, and βi is a phenomenological shape parameter
which reflects the deviation from a single exponential function (βi = 1). The
latter parameter reflects the heterogeneity of rotational dynamics.

Another way of quantifying the different relaxation processes in water is to
plot the distribution of relaxation times in layers at the interface and in bulk.
This can be achieved by analyzing each of the P1 and P2 functions by using the
CONTIN method [41–43]. The CONTIN method is based on the relation:

P1,2(t) =
∫ +∞

−∞

exp(−t/τ1,2)F(lnτ1,2)d(lnτ1,2), (2.6.6)

where F(lnτ1,2) is a normalized distribution function of relaxation times. Since
the inversion of Equation 2.6.6 does not have a unique solution, CONTIN finds
the simplest (principle of parsimony) solution that is consistent with the sim-
ulated P1,2. Each maximum in these curves can be associated with a distinct
relaxation process.

2.7 The preparation of thin polystyrene films for molecular-
dynamics simulations

The system was initially prepared to investigate changes in glass transition tem-
perature in thin polystyrene films [20]. The procedure starts with the atactic
polystyrene chains in all-stretched configurations, oriented parallel to each other
and with the Z axis, and placed in a large simulation box of 40 nm lateral size (X
and Y) and height of about 22 nm (Z). The relatively large lateral size permits
enough distance between the chains to avoid interchain overlap.

The system was allowed to relax at 540 K, which is well above the simulated
glass transition temperature (Tg ≈400 K [24]) of polystyrene, thus in the melt.
Pressure was applied in Z direction to adjust the density in the middle of the film
to match the experimental bulk density of polystyrene [44]. At this stage the
system was compressed in the X and Y direction, to adjust the lateral size of the
film to 10 nm.
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Finally, the system was cooled down to 300 K, which is well below the sim-
ulated Tg of polystyrene, with a constant cooling velocity of 0.01 K/ps [20]. The
cooling velocity is much higher than those used in experiments. Since the glass-
transition temperature increases logarithmically with the cooling rate [45], the
aging effects on the time scale of our simulations are negligible [46].

The films obtained in this way have the size 10 nm in the X and Y directions
and a thickness of approximately 6 nm. Due to the pressure applied in the Z
direction during the preparation of the film, the surface plane is positioned in
the XY plane. Periodic boundary conditions are applied to the simulation box
having the size 10 nm x 10 nm x 20 nm (X x Y x Z). The aPS film is placed in
the middle of the box.

2.8 Preparation of the simulation box with polystyrene
film and water

a b

Figure 2.12: a) Side view of the simulation box of aPS in water: red=oxygen,
white=hydrogen and cyan=carbon (united-atoms); b) Side view of non-oxidized DHA
polystyrene film in water (cyan: carbon atom, white: hydrogen atom, red: oxygen atom).

In the case of the aPS films in water environment, after the NVT equilibration
of the polystyrene film in vacuum, the simulation box was filled with water.
To ensure that no water molecules are inserted in the middle of the polymer
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film, the Van der Waals radii of the carbon atoms were temporarily increased
to 0.5 nm. An additional equilibration of the polystyrene film in water, 100-
200 ps long and with a 2 fs time step, was performed in the NPT ensemble,
using the Berendsen thermostat and barostat with T =300 K and p=1.01325 bar.
This step was necessary for the water to accommodate the aPS surface and fill
the free volume in the simulation box without altering its density. Figure 2.12a
shows the simulation box containing the non-oxidized polystyrene thin film in
UA representation and the surrounding water molecules (≈ 50000 molecules per
simulation box), after the NPT equilibration. Figure 2.12b shows a closer view
of the interfacial region between the water and the non-oxidized aPS film in the
DHA representation.

2.9 Preparation of the simulation box with polystyrene
film, water, ions and protein

Due to the large amount of systems we study, an efficient data management is
crucial. Moreover, the preparation of the systems with polystyrene film, protein,
water and ions requires a series of steps to be performed in the correct order. We
describe here the procedure for the preparation of these systems.

First we copy the initial coordinates files for the polystyrene film and myo-
globin in the folder /basic files αβγ , with α , β and γ being the rotation an-
gles around X, Y and Z axis. The coordinates file for myoglobin is called
”2MM1.pdb” and was obtained from the PDB [34]. The protein is considered to
be in the (α , β , γ)=(0, 0, 0) orientation.

1. Rotate protein around X, Y or Z axis:
editconf -f 2MM1.pdb -o 2MM1 rotated.pdb -rotate α β γ

α = 90,180,270; β = 90,270; γ = 0

2. Place protein in the center of large box of 50x50x20 nm3:
editconf -f 2MM1 rotated.pdb -o 2MM1 largeboxcenter.pdb -box 50
50 20

3. Do the same for PS film:
editconf -f 100ps.pdb -o 100ps largeboxcenter.pdb -box 50 50 20

4. Translate PS film with -5 nm in Z direction:
editconf -f 100ps largeboxcenter.pdb -o 100ps largeboxshifted.pdb -
translate 0 0 -5
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5. Copy all files to the working directory (e.g. 000000 15)

6. Translate protein to the new coordinate, Z2MM1:
editconf -f 2MM1 largeboxcenter.pdb -o 2MM1 largeboxshifted.pdb
-translate 0 0 ∆z

7. Concatenate the coordinate files for PS and protein. Run ”read pdb.f” with
input 100ps largeboxshifted.pdb and 2MM1 largeboxshifted.pdb. The out-
put is PS 2MM1 largebox.pdb

8. Scale simulation box for the obtained system:
editconf -f PS 2MM1 largebox.pdb -o PS 2MM1.pdb -box 10 10 20
-noc -translate -20 -20 0

9. Create topology for the new system of PS+protein:
pdb2gmx -f PS 2MM1.pdb -o PS 2MM1.gro -p PS 2MM1.top

10. ”vdwradii.dat” is a file distributed with the GROMACS package and con-
tains the radii of all atoms contained in the force field. !! Make sure at this
step that this file is in the working directory and that the radius of the C
atom is increased to 0.5 nm. This is required for the water not to be added
in the PS film!! Add water (SPC) to the system:
genbox -cp PS 2MM1.gro -cs spc216.gro -o PS 2MM1 H2O.gro -p
PS 2MM1.top

11. !! Check the *.mdp parameter file!! Preprocess the input file and create
executable (*.tpr):
grompp -f *.mdp -po *out.mdp -c PS 2MM1 H2O.gro -p PS 2MM1.top
-o *.tpr

12. (OPTIONAL) Generate ions with a certain concentration (e.g. 0.15M):
genion -s EM.tpr -o PS 2MM1 H2O NaCl.gro -pname NA+ -nname
CL- -conc 0.15

13. Modify PS 2MM1.top:
Substract total number of ions (e.g. 2x181) from the total number of sol-
vent (SOL) molecules and add lines for NA+ and CL- at the end of file.

14. Preprocess the input file and create executable (*.tpr):
grompp -f EM.mdp -po emout.mdp -c PS 2MM1 H2O NaCl.gro -p
PS 2MM1.top -o EM.tpr
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15. (OPTIONAL) To neutralize the system (e.g. add 2 NA+ ions):
genion -s EM.tpr -o PS 2MM1 H2O 2Na.gro -pname NA+ -np 2

16. Modify PS 2MM1.top:
Substract total number of ions (e.g. 2) from the total number of SOL
molecules and add line for 2 NA+.

17. Preprocess the input file and create executable (*.tpr):
grompp -f EM.mdp -po emout.mdp -c PS 2MM1 H2O 2Na.gro -p PS 2MM1.top
-o EM.tpr

Run simulation!



C H A P T E R 3

THE HYDROGEN-ATOM
REPRESENTATION AND THE

POLYSTYRENE FILM PROPERTIES

ABSTRACT

We investigate by molecular-dynamics simulations the difference in the proper-
ties of the interface between amorphous atactic polystyrene (aPS) thin films and
explicit water when using two different representations: united atoms (UA) and
dummy hydrogen atoms (DHA) in phenyl rings. For both oxidized and non-
oxidized aPS films the polymer density profiles decay steepest when using the
UA model; this effect is stronger in water than in vacuum, reflecting the slightly
less hydrophobic character of the DHA model. The surface roughness of the aPS
film and the ordering of the phenyl rings near the surface decrease upon chang-
ing from vacuum to water when the UA model is used for all films. For the DHA
model this effect is not present. This also supports the fact that the non-oxidized
aPS films modeled in DHA representation show a less hydrophobic behavior.
The water structure close to the interface also suggests that the aPS films mod-
eled using UA are more hydrophobic compared to the aPS films modeled with
DHA in the phenyl rings.∗

∗The contents of this chapter are based on work published in S. A. Muntean, H. M. J. M.
Wedershoven, R. A. Gerasimov, and A. V. Lyulin, Macromol. Theory and Simul. 21 (2), 90–97
(2012).
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3.1 Introduction

Polystyrene is commonly employed as the solid phase in biosensors used to mea-
sure the concentration of certain proteins in body fluids [4]. The hydrophobicity
of the polystyrene surface is an important factor for the polymer-protein inter-
actions. In practice, the polystyrene surfaces are turned from hydrophobic to
hydrophilic by oxidizing the surface using, e.g. ultraviolet-ozone (UVO) treat-
ment [25,47]. In the models simulated in the present study we add oxygen atoms
to the surface monomers of polystyrene in order to tune the hydrophilicity of the
polymer film. The results of this procedure are in good agreement with exper-
imental results obtained by UVO oxidation of aPS films [25]. Such a chemical
modification of the polymer surface influences not only the properties of the
polystyrene film, but also the structure of water nearby.

The question we intend to answer in this chapter is whether or not and in
what way the (partly charged) explicit hydrogen atoms in the model influence
the properties of the interface between (oxidized) aPS film and water. We use the
explicit representation of (dummy) hydrogen atoms only for the phenyl groups
in the aPS. One reason to do so is that the main contribution to the hydrogen
interaction potential comes from the phenyl rings, due to the higher abundance
of hydrogen atoms in these groups. Another justification is that since the phenyl
rings are more mobile compared to the main chain, we expect a larger influence
of the hydrogen atoms of these groups.

The difference between UA and all-atoms representations has been studied
for different polymers, for instance for C13H28 as a bulk melt and as a melt con-
fined between solid surfaces [48]. For a bulk polymer at 300 K it was reported
that the characteristic ratio Cn =

〈r2〉
nl2 , where 〈r2〉 is the squared end-to-end dis-

tance, n is the number of C–C backbone bonds of length l, was larger when using
the all-atoms model than when using the UA model. The positional order was de-
termined by calculating the intermolecular C–C pair distribution function, orien-
tational order of C–C bonds was determined by calculating some intermolecular
orientational correlation functions. It was reported that the bulk polymer shows a
higher degree of both positional and orientational order with the all-atoms model
than with the UA model. For a confined polymer melt the formation of layers
with a high monomer density was reported [48]. The formation of layers (po-
sitional order) was stronger when using the all-atoms model than when using
the UA model. The polymer chains in such a layer tend to align parallel to the
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surface; this orientational order was seen with both all-atoms and UA, but the
effect was stronger in the first case. The higher degree of orientational and po-
sitional order when using the all-atoms model was explained by claiming that
the hydrogen atoms cause a more careful packing of the chains. This statement
is supported by the observation that the ordering increases more for layers with
higher density, for instance near the interface.

Structural properties of polymers modeled with all-atoms and UA represen-
tations were studied by Bolton et al. [49]. It was shown that the UA model for an
adsorbed alkane film reproduces the all-atoms structural properties reasonably
well, giving some overestimation of the trans fraction. Recently, the process of
chain folding in polyethylene was studied [50], showing that both representa-
tions (united atoms and explicit hydrogen atoms) lead to folded structures, but
that the perfect lamellar structure obtained by using UA is an artifact of this
representation. It was reported that the explicit hydrogen atoms cause a steric
hindrance on the formation of the hairpin structures that are needed for an or-
ganized lamellar structure. Structural properties of other polymers as PEO and
PMMA simulated with the help of all-atoms and UA approaches have been re-
ported as well [51, 52]. Bulk atactic polystyrene was studied by means of a MD
simulation using UA and all-atoms representations [16]. In both cases the bond
lengths were kept fixed and the phenyl rings were kept planar. The simulations
were used to study the short-range order in amorphous polystyrene and to calcu-
late the X-ray scattering intensity curves and compare these with experimental
data. The calculated intensities using the UA representation agreed reasonably
well with the experimental results. The agreement was worse for the simulations
using the all-atoms representation.

The conclusion that can be drawn from the studies discussed above is that
most structural properties can be calculated fro simulations using the UA repre-
sentation, but to capture some effects the all-atoms model is required. The main
goal of the present study is to understand the effect of the explicit representa-
tion, in molecular dynamics simulations, of the delocalized electric charge in the
phenyl rings on the properties of the interface between thin atactic polystyrene
film, both oxidized and non-oxidized, and water. We compare the density profile
of the aPS film, the roughness of its surface, the orientation of the phenyl rings
and the water structure with results obtained earlier using the UA representa-
tion [25].
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3.2 Results and discussions

We discuss three major factors which can influence the structure of the interface:

• the presence of water near the polystyrene film (vacuum vs. water),

• the representation of the polystyrene (UA vs. DHA) and

• the degree of oxidation of the polystyrene surface (0% vs. 12% oxygen
content).

3.2.1 Density profile at the interface

Figure 3.1 shows the density of the 12% oxidized aPS film in vacuum (3.1a)
and in water (3.1b), for the UA and DHA representations, as a function of the
distance from the Gibbs dividing surface (GDS); the latter is a measure for the
position of the interface between the film and vacuum [40], as defined in section
2.6.2. For both representations the upper GDS of the film in vacuum is at z≈12.1
nm, the lower GDS at z≈7.7 nm. Under the presence of water the GDS positions
are only slightly changed. Except for the calculation of the film thickness, we
will further not consider the lower surface in our analysis. This is due to the
fact that in the course of the aPS film preparation, the lower interface was ad-
sorbed onto a substrate. Even after removing the substrate, the aPS lower surface
maintains the ordering induced by it.

a b

Figure 3.1: Density profiles for 12% oxidized aPS thin film in vacuum a) and in water
b), UA and DHA representations.
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For all simulated films the film thickness is defined as the difference be-
tween the GDS of the two free interfaces. In vacuum the aPS density profile
is only slightly steeper when using the UA representation, see figure 3.1a, but
the film thickness remains the same. The difference in the density profiles for
two representations is seen much clearer in the case of aPS in the presence of
water, as shown in figure 3.1b). This difference is caused by the repulsion of the
charges on the virtual hydrogen atoms in the DHA representation. In this case,
the aPS film is much more swollen in water as compared to the aPS in UA repre-
sentation, this swelling being again caused by the presence of partial charges on
the DHA. This suggests that the charge delocalization in the phenyl rings of the
aPS causes a decrease in the hydrophobicity of the surface. The swelling effect
in the case of non-oxidized films (for which the results are not shown here) is
much weaker than for the oxidized films. This reflects the more hydrophobic
character of the non-oxidized polymer surfaces.

3.2.2 Surface roughness

Figure 3.2a-d show typical upper-surface topographies of the non-oxidized aPS
film, using the UA and DHA representations, and both in vacuum and water.
They were obtained as described in the previous section. Already by eye in-
spection, the upper surface of the thin film, both in vacuum and in water, appear
rougher when using the DHA model than when using the UA model.

For a better comparison, the roughness of the aPS films is calculated using
the definition in Section 2.6.3. The root mean square roughness for the thin
non-oxidized and oxidized aPS films in vacuum and in water is close to 0.3
nm when using the united atom representation and is above 0.4 nm when using
the DHA representation, see table 3.1. This means that the surface roughness
increases by about 25% when introducing the DHA representation. The increase
in surface roughness when changing from UA to DHA representation is related
to the change in density profile, as seen earlier.

Upper-surface roughness (nm) UA DHA UA DHA
Degree of oxidation 0% 0% 12% 12%

Vacuum 0.36±0.03 0.43±0.03 0.26±0.01 0.32±0.03
Water 0.26±0.01 0.48±0.03 0.31±0.03 0.66±0.05

Table 3.1: The upper-surface roughness for the non-oxidized and oxidized aPS thin
film, UA and DHA representation.
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a b

c d

Figure 3.2: Upper-surface topography for the non-oxidized aPS thin film: a) UA model
of aPS in vacuum; b) DHA model of aPS in vacuum; c) UA model of aPS in water; d)
DHA model of aPS in water.

In the case of no partial charges on the surface, that is for the non-oxidized
aPS in UA representation, the surface roughness slightly decreases upon transi-
tion from vacuum to water. The hydrophobic aPS tries to minimize its interface
with the water and, hence, becomes smoother. When using the DHA representa-
tion the surface roughness of the non-oxidized film does not change (within error
bars) upon adding water, which resembles the behavior of the oxidized aPS film
in water using UA representation. This suggests that aPS in DHA representation
has a less hydrophobic character compared to the aPS in UA representation. The
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roughest surface, with roughness close to 0.7 nm, is observed for oxidized films
in water using the DHA representation, that is for the largest amount of partial
charges on the surface, coming both from the DHA and oxidation. In this case
the hydrophilic interactions between the aPS film and water environment are the
strongest.

3.2.3 Molecular orientation at the interface

We studied the orientations of the phenyl rings near the aPS surface by calcu-
lating the orientational order parameter defined in Section 2.6.4. For the aPS
surface the averaging (indicated by brackets in Equation 2.6.2) takes places over
all phenyl rings situated above and at maximum 0.5 nm below the upper GDS.
For the bulk the averaging takes place over all phenyl rings situated above 0.5
nm from the lower GDS and below 0.5 nm from the upper GDS. In both cases
the averaging also takes place over time. The rings are oriented randomly when
P2 equals zero and are slightly oriented out of the surface when P2 is positive.

Order parameter, P2 UA DHA UA DHA
Degree of oxidation 0% 0% 12% 12%

Vacuum 0.045±0.005 0.041±0.005 0.080±0.001 0.045±0.005
Water 0.026±0.005 0.045±0.005 0.065±0.005 0.032±0.005

Table 3.2: Order parameter P2 for non-oxidized and oxidized aPS thin films in UA and
DHA representation.

The order parameter for the upper surface of the non-oxidized film in vacuum
is close to 0.05 for both representations, see Table 3.2. At the same time the
order parameter for the bulk is around zero, for all simulated films, as expected.
The bulk order parameter is also an order of magnitude smaller than the order
parameter for the surface, which definitely shows that the ordering of the phenyl
rings at the surface is a real effect, beyond the statistical error.

We observe that in the UA representation the orientational order parameter
of the phenyl groups at the surface of the non-oxidized (hydrophobic) aPS de-
creases upon transition from vacuum to water, but this effect becomes smaller
when the film is oxidized (less hydrophobic). We interpret this decrease as a
suppression of the natural orientation of the phenyl groups due to the hydropho-
bic interaction with the water molecules. This effect is not present in the DHA
representation of the same system. From the present study it follows that when
using the DHA representation the order parameter associated with the phenyl
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a b

Figure 3.3: Density profile for water near non-oxidized a) and 12% oxidized b) aPS
film, UA and DHA representation. ZGDS indicates the position of the Gibbs dividing
surface of water.

groups at the non-oxidized surface does not change significantly upon adding
water, see Table 3.2, meaning that the hydrophobic behaviour of the film has
decreased compared to the film in UA representation.

3.2.4 Water structure at the interface

The structure of water is also sensitive to the representation of the aPS surface.
Figure 3.3 shows the density profile of the water near the non-oxidized (3.3a) and
oxidized (3.3b) aPS film as a function of the distance from the GDS of the water
interface, using both the UA and the DHA representation for the aPS film. In
Figure 3.3a we observe that the water density increases faster with the distance
from the interface when the UA representation is used for the non-oxidized film
than when the DHA representation is used. The water molecules also penetrate
deeper into the film when the DHA representation is used. This corresponds to
the decrease in hydrophobicity of the thin film when changing from the UA to
the DHA representation, as already discussed above. In the case of the oxidized
film the effect is absent, as shown in Figure 3.3b. We attribute this to the fact
that the hydrophilicity induced by the oxygen atoms, in both UA and DHA rep-
resentations, dominates the effect of the delocalization of charges in the phenyl
rings of the aPS.

Figure 3.4 illustrates the orientational order parameter of the water molecules
as a function of the distance from the GDS of the water interface. The box is
divided into 100 slices perpendicular to the Z axis and at each time-step the
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water molecules are assigned to a slice according to the position of the oxygen
atom. The cosine of the angle between the dipole moment of a water molecule
and the Z axis of the simulation box is then determined. The order parameter of
a slice is determined by averaging over all water molecules in a slice and over all
snapshots. This order parameter is then multiplied by the normalized density of
that slice. This is done to eliminate the possible high ordering of water molecules
at low densities.

a b

Figure 3.4: Orientational order parameter, P1, of water molecules for non-oxidized a)
and 12% oxidized b) aPS film, UA and DHA representation.

Figure 3.4 shows an increase in the order parameter of the water molecules
near the interface when the UA representation is used for both non-oxidized
(Figure 3.4a) and oxidized (Figure 3.4b) polystyrene films. The zero value of
P1 suggests the following realistic situations: the vectors associated with the
dipole moments of the water molecules are randomly oriented or the density
of water in the layer for which P1 was calculated is zero. The positive value
of this order parameter means that on average the vectors associated with the
dipole moments of the water molecules are slightly oriented along the Z axis in
the positive direction, while the negative values of the order parameter indicate
an average orientation of these vectors in the opposite direction. By reorienting
themselves, the water molecules at the interface minimize the number of broken
hydrogen bonds. This orientation only takes place in a layer of approximately 1
nm, closest to the interface. When the DHA representation is used to model the
aPS film, the effect is less pronounced.
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3.3 Conclusions

Non-oxidized and oxidized atactic polystyrene thin films have been simulated
in vacuum and in water, using both the UA and the DHA representations. The
density profile of the aPS film decays steeper when using the UA model than
when using the DHA model. This effect is seen both in vacuum and in water, but
it is strongest for the film in water. From this it follows that the hydrophobicity
of the polymer film decreases slightly when changing from the UA to the DHA
model. This can also be concluded from the density profile of the water near
the polymer film. The water density profile has a steeper increase when using
the UA model than when using the DHA model. The water molecules penetrate
deeper into the polymer film when using the DHA model. The polymer-surface
roughness increases for both the film in vacuum and in water when changing
from the UA to the DHA model. Since this effect is stronger for the film in water
it is concluded that this effect is related to the change of the aPS density profile.
For the UA model it was shown that the change in surface roughness when water
is added depends on the oxidation of the film; for a non-oxidized (hydrophobic)
film the roughness decreases, for a slightly oxidized (less hydrophobic) film the
roughness decreases less. When the DHA model is used, the surface roughness
does not change much when water is added. From this it can again be concluded
that the polymer film in the DHA representation has become less hydrophobic
compared to the UA representation. For a non-oxidized (hydrophobic) film the
order parameter decreases, for a slightly oxidized (less hydrophobic) film the or-
der parameter decreases less. When the DHA model is used, the order parameter
does not change much upon addition of water. From this it can also be concluded
that the polymer film has become less hydrophobic. The water molecules reori-
ent themselves near the interface, showing a non-zero order-parameter up to 1
nm distance from the interface with the polystyrene film.



C H A P T E R 4

ROUGHNESS AND ORDERING AT THE
WATER–OXIDIZED POLYSTYRENE

INTERFACE

ABSTRACT

We perform atomistic molecular-dynamics simulations of oxidized amorphous
atactic polystyrene thin-films in vacuum and water. The natural roughness of
the surface is simulated and compared to experimental values. The composition
of the simulated aPS films is based on spincoated aPS films that have been ox-
idized and characterized experimentally by XPS, AFM and water contact-angle
measurements.

The molecular-dynamics simulations show smoothening of hydrophobic aPS
surfaces upon transition from vacuum to water. The smoothening decreases with
increasing hydrophilicity. The calculations reveal ordering of oxidized phenyl
rings for aPS surfaces in water. The order increases with increasing hydrophilic-
ity. Additionally, we investigated the water structure near the aPS - water inter-
face as function of the surface hydrophilicity. With increasing hydrophilicity, the
density of water at the aPS - water interface increases. The water density profile
is steeper in the presence of hydrophobic aPS. The water shows an ordered layer
both near the hydrophobic and hydrophilic surfaces, the position of this layer
shifts towards the interface with increasing hydrophilicity. ∗

∗The contents of this chapter is based on work published in S. A. Muntean, M. Kemper, L. J.
van IJzendooorn, A. V. Lyulin, Langmuir, 27, 8678-8686 (2011).
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4.1 Introduction

Polymeric materials are used in biomolecular diagnostics as the solid phase for
immunoassays. Simple plate readers as well as large-scale diagnostic systems
rely on the use of polystyrene well plates and the condition of the polystyrene
surface determines to a large extent the biochemical functionality of the proteins
attached. Consequently, well plates are produced with many different types of
functionalized surfaces, ranging from several degrees of oxidation determining
their hydrophilic character to chemically modified surfaces which are terminated
by e.g. amines or carboxyl groups and allow covalent coupling of proteins on the
surface. The development of point-of-care-diagnostics invokes surfaces with ad-
ditional requirements on their functionality such as transparency, low cost, easy
processing and again polymeric materials are a good candidate for these lab-on-
a-chip applications [53]. In addition, polymers are also used in novel detection
methods based on actuated magnetic beads which consist of magnetite grains in a
polystyrene matrix [4]. The polystyrene surface of these beads is functionalized
by proteins and also an injection-molded polymeric cartridge is used with a func-
tionalized surface. Obviously a fundamental understanding of the interactions of
proteins with polymeric surfaces is important for the overall performance and
the detection limit in particular, of biomolecular diagnostic equipment.

In this chapter we focus on the properties of a polystyrene surface with vari-
ous degrees of oxidation as a model system which can be used as a starting point
for measuring and calculating the interactions between proteins and oxidized
polystyrene surfaces. We use the characterization of experimentally prepared ox-
idized polystyrene surfaces as an input for molecular-dynamics simulations and
evaluate roughness, hydrophilicity and ordering of both the molecular groups
at the surface of the polystyrene and the water molecules in contact with the
polystyrene.

Hydrophilicity of the atactic polystyrene (aPS) surfaces is usually increased
by the surface oxidation using plasma treatment [54], UV radiation [47, 55] or
by permanganate oxidation in dilute solutions of sulphuric acid [56]. Such a
modification in the hydrophilic character of the aPS surface by the incorpo-
ration of oxygen-containing groups also changes the morphology and rough-
ness of the surface. The existence of the free interface can also lead to some
ordering of chains in surface layers. Oblique-polarized-ray measurements on
polystyrene (PS) films obtained by evaporating from solution at room tempera-



4.1 Introduction 41

ture showed [57] that the PS chain fragments are oriented predominantly parallel
to the surface of the film. This ordering decreases exponentially as the distance
from the interface boundary increases. Such an ordering has also been observed
in recent molecular-dynamics simulations of thin free-standing aPS films [24].
Whether and how the roughness is related to the orientation of chains near the
surface of the polymeric film is unclear.

Experimental data indicate that oxidation makes the aPS surface rougher.
Usually roughness is defined by the standard deviation Rq of the distribution of
surface heights (root-mean-square roughness) [58] or by the simple arithmetic
average Ra of surface heights [59]. The surface roughness strongly depends
on the preparation method. Wang et al. [60] prepare aPS surfaces by pressing
molten PS beads between glass slides and modify them with oxygen radical an-
ions. Using AFM they find an increase of Rq from about 180 nm to about 380
nm for 30 µm × 30 µm samples. Such a treatment adds polar C=O and O-C=O
bonds onto the aPS surface (by attaching them to the aromatic rings) making
it significantly hydrophilic. The alkyl chains of aPS can be oxidized, turning
aliphatic carbons into carboxylic groups by different oxidizing agents, as per-
manganate [56] for example. One of the possible reactions in this case is the
cleavage of the aPS main-chain carbon bonds and its oxidation into carboxylic
acid. Ultraviolet-ozone oxidation (UVO) of aPS surface results in the forma-
tion of the carbonyl groups in the aPS phenyl groups [61]. It was shown that
oxygen creates a modified hydrophilic layer of at least 4 nm thickness. Teare
et al. [55] investigated polystyrene cell culture dishes and found a much lower
surface roughness (Ra) of 2.5 nm. UVO treatment of these dishes induces the
formation of surface grains. After washing the roughness (Ra) of these oxidized
aPS surfaces was only slightly increased from 2.5 to 3 nm in 2 µm×2 µm areas.
Browne et al. [47] show that spincoated aPS is even more flat and oxidation by
UVO and washing in water causes an increase in Rq from about 0.2 nm to about
0.4 nm. With increasing oxidation time they observe an increase in C-O, C=O
and O-C=O functional groups. Rytlewski and Zenkiewicz reported recently [62]
the laser-induced surface oxidation of injection molded polystyrene. They ob-
served changes in the chemical composition (breaking of C-C main-chain bonds)
and oxidation of a thin (about 4 nm) aPS surface layer. By AFM they measure
an increase of the surface roughness, Ra, upon oxidation from about 10 nm to
about 60 nm for 30 µm×30 µm samples. Plasma treatment and correspond-
ing molecular-dynamics (MD) simulations [54] showed that a modified layer
on an aPS surface with thickness of a few nanometers has been produced, and
the roughness of the surface was increased. All measurements reported above
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describe the induced roughness measured in vacuum.
In order to obtain more detailed information on the structure and interactions

of molecules, molecular simulations are extensively used. For an overview of
simulations of biomolecular surfaces, see the paper by Latour [59]. Only few
studies have been devoted to atomistic MD simulations of hydrophilicity and
roughness of polymer surfaces.

Not only the surface itself, but also the solvent (e.g. water) is modified near
the interface. Enhanced structuring of water and entropy loss in the vicinity of
hydrophobic surfaces is reported [63], as obtained from vibrational-spectroscopy
experiments on structure of water at interfaces with CCl4 and hexane. The mea-
surements show that the hydrogen-bonding interaction between interfacial water
molecules is weak.

Most of the knowledge about the water structure at the interface with vari-
ous surfaces relies again on MD simulations. MD simulations of water drying at
non-polar interfaces have been carried out by Mittal and Hummer [64]. They find
sub-nanometer scale fluctuations in water density near a convex hydrophobic so-
lute. These fluctuations do not lead to formation of large voids at the interface. A
void space of less than 1 nm close to the talc hydrophobic surface is reported in
MD simulations of Du and Miller [65]. They also show that the interfacial water
molecules are preferentially located in a plane parallel to the hydrophobic crys-
talline surface. Lee and Rossky [66, 67] showed that water behaves equivalently
near structured and structureless hydrophobic surfaces, and that the loss of hy-
drogen bonding at the interface take place. The hydrogen bonding between water
and fully hydroxylated silica hydrophilic surface is stronger than the hydrogen
bonding in bulk water [67], the interfacial layer ranging up to 1 nm thickness.
Water orientation at structureless surfaces, without any atomistic detail, of vary-
ing hydrophobicity has been simulated recently by Trudeau et al [68]. Their
molecular-dynamics simulations show that the water molecules direct one of the
hydrogens toward the hydrophobic surface, while near the hydrophilic surfaces
they orient in a plane parallel to the surface. The water molecules have strong
dipole-dipole interactions with the hydrophilic surfaces.

Molecular simulations of water near surfaces were also performed in the
Netz group [69]. They studied the influence on the water structure of density,
spatial distribution and orientation of polar groups at the surface. The same
group shows that water viscosity increases near a polar surface, the viscosity and
thickness of the interface water layer depending on the density of polar groups
on the surface [70].

The main goal of the present study is twofold:
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- to understand the changes of the aPS surface structure upon oxidation,
both in vacuum and in water. To do this, we calculate the ordering of aPS
segments at the interface, and study the surface roughness upon oxidation.

- to understand the changes of the water structure in the vicinity of the sur-
face upon its oxidation.

We perform atomistic MD simulations of the oxidized amorphous atactic
polystyrene and compare the results with experimental results obtained by X-ray
photo-electron spectroscopy (XPS), atomic-force microscopy (AFM) and water
contact-angle measurements. We relate the input and the results from simula-
tions to the experiments performed by Marijn Kemper from the group Molec-
ular Biosensors for Medical Diagnostics at Eindhoven University of Technol-
ogy. We investigate the changes in aPS surface properties upon oxidation. We
choose amorphous atactic polystyrene as model system for the polymeric film.
We do not aim to reproduce in every detail the oxidation of polystyrene, but to
study the effects of oxygen (as polar group) on the surface properties of aPS.
The oxidation of polystyrene is performed experimentally by UVO treatment.
In the simulations, we modify the surface of the aPS film by attaching oxy-
gen atoms to the phenyl rings, in a fashion that is similar to the experimental
photo-oxidation of aPS [71]. The polystyrene surface in both vacuum and wa-
ter surroundings is being simulated. The surface roughness of the aPS films is
calculated from MD simulations and compared to the experimental roughness
obtained from AFM data. The ordering of the polymer monomers near the aPS
surface is computationally analyzed and the influence of water presence and of
the chemical modification on the surface properties is being discussed. Finally,
we study the water density profile and orientation near the surface as function of
the hydrophobic/hydrophilic character of the surface. The novelty in this study
is that we consider a disordered glassy polymer in atomistic detail, gradually ox-
idized and in presence of water. We calculated ordering of oxidized polystyrene
films and relate it to the roughness of these films.

4.2 Results and discussions

4.2.1 Computational oxidation of polystyrene surfaces

To tune the hydrophilicity of the aPS surface, we chose to attach two oxygen
atoms to the phenyl rings [71] in the aPS. The choice of the oxygen type is
justified by the fact that the main contribution to the oxygen containing species
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in the carbon 1s peak obtained by XPS measurements comes from C=O groups.
This is also in agreement with the results on UVO oxidation by Klein et al. [61].
The degree of oxidation, defined in the simulations as the number percentage
of oxygen atoms in a 1 nm layer at the aPS surface, is chosen in the range of
experimental values obtained after UVO oxidation of aPS films.

4.2.2 Surface hydrophilicity

The aPS surface with 0% oxygen content is hydrophobic; the more oxygen the
surface contains, the more hydrophilic it becomes. Water contact-angle mea-
surements are performed on spincoated aPS samples, before and after controlled
UVO oxidation. The results are shown in figure 4.1a. We observe that the con-
tact angle decreases with increasing oxygen content. A contact angle of 90◦

corresponds to a hydrophobic surface. The smaller the contact angle becomes
the more hydrophilic the surface is.

A measure of hydrophilicity of a molecule in atomistic MD calculations is
the number of hydrogen bonds formed between water and that molecule. Here
we adopt a similar definition for larger systems, such as the aPS film we study
here. The increase of the number of hydrogen bonds of water molecules with the
surface for increasing degree of oxidation is shown in figure 4.1b.

a b

Figure 4.1: a) Measured water contact angles on UVO oxidized aPS samples: the at%
oxygen is quantified for different oxidation times using XPS survey scans and is ex-
pressed here as ’degree of oxidation’ (courtesy of Marijn Kemper [25]). b) Simulated
number of hydrogen bonds formed between water and aPS films with different degrees
of oxidation. No saturation of the amount of hydrogen bonds is observed.

Both contact angle and number of hydrogen bonds change in a linear fashion
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with increasing degree of oxidation. We observe no saturation of the number
of hydrogen bonds between the simulated surface and water molecules up to
an oxygen concentration of 24% (see figure 4.1b), and neither saturation of the
contact angle over the entire range of degrees of oxidation (see figure 4.1a).
This suggests that the hydrophilicity is primarily determined by the degree of
oxidation, that is the number of polar groups at the surface of the aPS.

4.2.3 Surface roughness and orientation of chains in PS film

When analyzing the surface properties of aPS films, we first have to define a
reference surface, the Gibbs dividing surface (GDS) [39, 40], as introduced in
Section 2.6.2. The further analysis of the surface properties is based on the
division of the film in layers perpendicular to the Z axis and calculating their
density as a function of the position relative to the GDS of the film. There are
also other methods in the literature, in which the division is made based on single
molecular layers at the surface, such as the identification of the truly interfacial
molecules (ITIM) [72]. This method is particularly useful to study the local
orientation of molecular segments at the interface; but since we are interested in
statistical properties over large areas, we use the GDS as a reference.

To analyze the surface obtained from simulations, we first divide the XY
section of the simulation box in grid elements of 0.1 nm x 0.1 nm. The sur-
face topography is obtained by identifying the atoms which have the maximum
Z coordinate in each XY grid element. The surfaces are further analyzed by
calculating their root mean square roughness, Rq, defined in Section 2.6.3.

The roughness of simulated aPS surfaces in vacuum was compared with ex-
perimental values measured by AFM. The values of roughness are of the same
order of magnitude, in spite of the differences in resolution and size of the probed
sample [25]. We chose the resolution for the analysis of the simulated aPS sur-
faces to be 1 nm, which is equal to the lateral step size in the AFM measurement.

In Figure 4.2 the roughness values, Rq, obtained from the simulations of the
polystyrene films in vacuum and in water, are plotted as function of degree of
oxidation. Note that the values presented here are the average of the values ob-
tained from simulations of four independently prepared polystyrene films. In
contrast to the roughness calculated for a sample in water, a clear trend is ob-
served for the roughness of a sample in vacuum; it decreases upon increasing
the oxygen content. The simulation shows that the presence of water induces a
roughness at the interface that does not depend on the degree of oxidation. The
difference with the roughness of the same film in vacuum is most prominent for
hydrophobic surfaces.



46 Roughness and ordering at the water–oxidized polystyrene interface

Figure 4.2: Polystyrene-surface roughness plotted as function of the oxygen content of
the aPS surface, obtained from molecular-dynamics simulations in vacuum and in water.
The drawn lines are added only as guide to the eye.

Figure 4.3: Order parameter P2 of phenyl rings at the interfaces with vacuum and water.
The order parameter of phenyl rings in bulk is shown for comparison. The drawn lines
are added only as guide to the eye. In the insert the vector associated with the phenyl
ring and the angle it forms with the Z direction are depicted.
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We analyze the aPS surface also in terms of orientation of the phenyl rings
near the interface. To do so, we calculate the angle θ between the vector ~v
associated with the phenyl ring and the Z direction, which is perpendicular to
the aPS surface plane and pointing out of the aPS bulk (see insert in Figure 4.3).
We compute the orientational order parameter defined in Section 2.6.4.

The surface region was defined in our analysis as being all the atoms with
Z > ZGDS−0.5 nm, where ZGDS is the position of the GDS. The bulk order pa-
rameter was calculated for all phenyl rings situated in the ≈ 5 nm thick middle
part of the film. The order parameters obtained for the surface and the bulk re-
gion are plotted in Figure 4.3 as function of the aPS film’s degree of oxidation,
both in vacuum and water. The values of the order parameter in bulk are, as ex-
pected, around 0. Nevertheless, the phenyl rings at the film surface have a slight
orientation out of the surface plane for all the systems in vacuum, as indicated
by the positive value of P2. In case of hydrophobic aPS in water, the phenyl rings
lose this orientation, the order parameter dropping to a value near the bulk order
parameter. With increasing oxygen content the order parameter increases, show-
ing a slight average orientation of the phenyl rings towards water. The values
of the order parameter remain small because we deal with a highly disordered
system. Nevertheless, since we average over many configurations, the effect is
significant.

4.2.4 Structure of water

By analyzing the water structure near the interface with the simulated polymeric
film we can obtain information about the affinity of the water molecules for the
polymer. This information is useful as starting point in discussing the interaction
of a biomolecule (e.g. protein) with the polymeric surface in a water environ-
ment.

The density profile of the water near the aPS surface as function of the Z
coordinate is pointed out in Figure 4.4a. We observe that the decay in density is
steeper near the hydrophobic, non-oxidized, surface (black dots, Figure 4.4a) as
compared to the decay near the hydrophilic surfaces (depicted with open sym-
bols). This suggests the existence of a depletion layer of water in the vicinity of
the hydrophobic surface. But in this representation the density profiles of water
near the oxidized aPS overlap. At a closer look, by representing the same density
profiles as a function of the distance from the GDS of the aPS (Figure 4.4b), we
observe that there is a monotonic shift of the water density profile in the surface
region with increasing the degree of oxidation. This suggests an attractive force
between the surface and water which increases with increasing the hydrophilic-
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a b

Figure 4.4: a) Density profile of water near the oxidized aPS film, as function of Z
coordinate. b) Density profile of water near the oxidized aPS film, as function of the
distance from the GDS of the aPS. The drawn lines are added only as guide to the eye.
Different symbols stand for different degrees of oxidation.

ity of the aPS surface. The overlap in the graph in Figure 4.4a can be explained
by the superposition of two opposite effects: the shift of the density profile, and
hence of the GDS of water, due to the attraction between water and hydrophilic
aPS (Figure 4.4a) on one hand, and the shift of the Gibbs dividing surface of the
aPS with increasing the degree of oxidation, due to addition of mass and hence
increasing thickness of aPS films (as shown in Figure 4.5), on the other hand.

Figure 4.5: Thickness of aPS films, defined as the difference between the Z coordinates
of the upper and lower GDS of the free-standing aPS film, relative to the thickness of
the non-oxidized film. The solid line is a linear fit of the calculated values.

To illustrate the net effect of oxidation on the water-aPS affinity, the distance



4.2 Results and discussions 49

between the GDS of water and the GDS of the aPS film is plotted in figure
4.6. This distance decreases with increasing the degree of oxidation, becoming
negative for hydrophilic aPS. This means that at the interface between water and
hydrophilic aPS there is a mixing zone in which water and oxidized aPS coexist.
This mixing zone increases with increasing hydrophilicity.

Figure 4.6: Distance between the GDS of aPS film and GDS of water, as function of
the degree of oxidation. The drawn lines are added only as guide to the eye.

In addition to identifying the mixing zone between the oxidized aPS and
water we also investigated the orientation of water molecules near oxidized aPS.

As discussed in previous studies [67–69, 73], the water molecules near hy-
drophobic and hydrophilic surfaces orient in such way that the network of hydro-
gen bonds is disturbed minimally. This orientation is quantified and discussed
in detail in the case of structureless walls [68]. The authors conclude that there
are two regimes: the semi-wetting regime, in which surface-water interactions
are strong and lead to an increase in density and ordering of water molecules in
a plane parallel to the surface, and the non-wetting regime, in which the surface-
water interactions are weak and the water-water interactions lead to an interfacial
structure of water similar to the air-water interface.

In the present study we deal with rough surfaces, thus the quantification of
the orientation is more complicated. The orientation of water molecules is shown
in Figure 4.7 and is defined by the average cosine of the angle γ , which is the pro-
jection of the unity vector associated with the dipole moment of water molecules
on the Z direction. This analysis will provide information about the average ori-
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entation of water molecules, irrespective of how they are locally oriented with
respect to the local normal to the surface.

Figure 4.7: Ordering of water molecules represented as the cosine of the angle between
the dipole moment of water molecules and the Z axis, which is perpendicular to the
water-aPS interface.

Note that in figure 4.7 we represent the product between 〈cosγ〉 and the
normalized density profile of the interfacial water as a function of the distance
from the GDS of the aPS film. This weighting is necessary in order to account
for the low density of water near the aPS surface. If a layer near the interface
contains only a few water molecules, the average orientation of these molecules
will be very sensitive to the addition or subtraction of even one single molecule
from this layer.

First of all we observe an increase in the orientation of the water molecules
near the hydrophobic surface, i.e. 0% oxygen (see figure 4.7). We also observe
an orientation of water molecules near the hydrophilic aPS. Following the con-
clusions by Trudeau et al. [68] we suggest that the maximum orientation for 0%
oxygen corresponds to the regime in which the aPS-water interface is determined
by the water-water interactions, while the maximum orientation for 24% oxygen
corresponds to the case in which the aPS-water interface is influenced by the
surface-water interactions. It is interesting to note that the maximum value of
the weighted order parameter is also shifted towards the aPS-water interface in
case of the hydrophilic surfaces (depicted with open symbols in 4.7). This shift
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is mainly due to the increase of water density at the interface with increasing
surface hydrophilicity.

4.3 Conclusions

Polystyrene surfaces with different degrees of oxidation have been computation-
ally prepared in a well-controlled way. Structureless surfaces and their interac-
tion with water were intensively studied in the past [67–69, 73]. To the best of
our knowledge, the results of the present study are the first results meant to char-
acterize rough polymeric surfaces in atomistic detail and their interaction with
water. The surfaces studied here represent the solid phase for immunoassays in
biomolecular diagnostics.

The roughness of simulated aPS surfaces in vacuum was compared with ex-
perimental values obtained by AFM. The values of roughness are of the same or-
der of magnitude, in spite of the differences in resolution and size of the probed
sample. Simulations reveal that aPS surfaces become smoother upon water pres-
ence. The smoothening is more pronounced for the hydrophobic surface and
decreases with increasing oxygen content on the surface. The water presence
near the hydrophobic surface suppresses the natural orientation of phenyl rings
found in case of the aPS surfaces in vacuum. The orientation of the phenyl rings
is preserved in case of hydrophilic aPS in water.

The water density decreases near a hydrophobic surface. This result is in
good agreement with results of previous studies of water near polar and nonpolar
solid walls [73].

The water forms an oriented shell around the aPS which is more pronounced
for the hydrophobic aPS. The shell is also shifted away from the hydrophobic
surface as compared to the shell around the oxidized aPS. We conclude that the
water has a depletion layer and a higher ordering of the water molecules near
the hydrophobic surface. We find that water also next to hydrophilic surfaces is
oriented, the ordered layer being closer to the hydrophilic surface than it was in
the case of the hydrophobic surface. The ordering of water near the hydrophilic
surfaces can be explained using the semi-wetting-regime arguments proposed by
Trudeau et al. [68].

In summary, the main result of this chapter is showing that surfaces become
smoother in water than they are in vacuum and that the smoothening decreases
with increasing the degree of oxidation. The smoothening of hydrophobic sur-
faces is accompanied by a loss of the natural ordering of phenyl rings at the
interface upon transition from vacuum to water. We also show that water den-
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sity near the hydrophobic surface has a sharper profile compared to water near
hydrophilic surfaces. The water molecules near the interface are oriented, the
oriented layers being closer to the hydrophilic surfaces than to the hydropho-
bic surface. All these findings suggest an effective repulsion between water and
hydrophobic surface.



C H A P T E R 5

WATER DYNAMICS IN THE PRESENCE
OF POLYMERIC SURFACES

ABSTRACT

Atomistic molecular-dynamics simulations of water in the vicinity of amorphous
atactic polystyrene surfaces were performed and analyzed. We study the changes
in the dynamics of water molecules upon presence of four amorphous polymer
surfaces with different hydrophilicity: non-oxidized and oxidized polystyrene
films, both in united-atoms and dummy-hydrogen atoms representations, the
later taking into account the spatial dipole distribution due to the explicit pres-
ence of protons. The effect of the representation of the polystyrene film on the
water dynamics is discussed. We discuss the orientational and translational water
dynamics near these surfaces. We distinguish two main orientational relaxation
processes of water molecules: a fast process, at fs time-scale, associated with
the ballistic motion of water molecules, and a slower process, at ps time-scale,
associated with the self-diffusion of water. The fast process is not affected by
the presence of the polymeric surface. The second relaxation process, associ-
ated with water diffusion at the interface with an amorphous polymeric film, is
different from that in the bulk in that the dynamics of water molecules is more
heterogeneous near the interface than in bulk and is slower near the polystyrene
surfaces where hydrogen atoms are taken into consideration.∗

∗The contents of this chapter is based on work published in S. A. Muntean, R. A. Gerasimov,
and A. V. Lyulin, Macromol. Theory and Simul. 21 (8), 544–552 (2012).
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5.1 Introduction

Water is the most important ingredient for the existence of life. And still, its
structure and dynamics near interfaces is not completely understood, and is
object of vivid discussions in the scientific community [74, 75]. In particular
when it comes to biological systems, the interactions between water and sur-
faces of biomolecules become crucial. Also the fact that interactions between
biomolecules is a water-mediated process provides the motivation to study the
behavior of water more carefully. A practical example is a biosensor [53], where
the interactions between the biomolecules to be detected and the solid phase of
the biosensor, which for some applications is typically a polymeric surface, is
mediated by the water surrounding the biomolecule.

The structure of water is mainly determined by the network of hydrogen
bonds (HB) formed between water molecules [76]. Each water molecule is able
to form between 0 and 4 hydrogen bonds. In liquid water, this network forma-
tion is not frozen, but is rather lively dynamic process, in which the hydrogen
bonds are breaking and forming all the time. If a solute is placed in water, this
will disturb the network of hydrogen bonds, giving raise to an effective inter-
action between water and the solute. The sign and magnitude of this effective
interaction is influenced by the nature of the solute, mainly its hydrophobic or
hydrophilic character and by the size of the solute. The hydrophilic/hydrophobic
character of the solute is determined by the chemical structure of its surface, in
particular by the ability of forming hydrogen bonds with the water molecules.
If the solute’s surface contains dipolar groups that are able to form hydrogen
bonds with water, then the solute is hydrophilic. In the absence of such dipolar
groups, the solute surface is hydrophobic. Small solutes form cavities in water
and slightly disturb the HB network, not forming themselves HB’s with the wa-
ter molecules [?, 77]. The water structure near these small solutes will be only
slightly changed. In the case of large solutes or even infinite surfaces, this will
not be the case, the disturbance in the HB network is causing a dramatic change
in water structure in a few layers near the interface [78].

Liquid water in bulk exhibits fast dynamics [79], that is why it was inac-
cessible for physical experiments until recently. Rather recent vibrational echo
correlation spectroscopy (VECS) experiments on bulk water [79] clearly shows
the ultrafast (0.1 ps) fluctuations of the hydrogen-bonds network, and the slower
(0.4 ps to 2 ps) structural rearrangements. NMR studies reveal dynamics of wa-
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ter near polymeric hydrophilic surfaces much slower then dynamics of water in
bulk [80].

The ultrafast water dynamics is difficult to probe experimentally and leaves
quite a big room for computer-simulations studies. In more than 40 years of
computer simulation of water thousands of papers were published [74]. Still,
in the last years, with improving experimental and computational methods, the
study of water structure and dynamics, both in the bulk [81] and at the interfaces
[64, 65, 67, 68, 70, 72, 78, 82–85], remains of great actuality. Even the question
to identify the true water interface in computer simulations is not trivial and
different procedures exist in the literature [72, 83].

Patel et al. [78] showed by molecular-dynamics simulations that the hy-
drophobic and hydrophilic surfaces differ fundamentally in the way they affect
the fluctuations of water molecules in their proximity. Close to hydrophilic sur-
faces these fluctuations are similar to those in bulk water. The probability for
density fluctuations of water near a hydrophobic surface is similar to density
fluctuations at the water-vapor interface [78].

Close to hydrophobic surfaces (hydrocarbons, CCl4) the hydrogen bonding
of adjacent water molecules at the interface is very weak, as shown by the vibra-
tional spectroscopy measurements of Scatena et al [63]. However, the interac-
tions between the interfacial water and the substrate result in substantial orienta-
tion of the water molecules. Close to the surface water molecules orient them-
selves with their hydrogens pointed into the substrate [63]. At the same time,
MD simulations of Chara et al. [82] show that the presence of the hydrophobic
surface results in an enhancement of the natural hydrogen-bond network in bulk
water. The perturbation of the water structure due to the presence of the surface
extends not more than 1 nm from the surface [67], with the strongest perturba-
tion in the immediate solvation layer. More recent MD simulations of Chara et
al. show that the structural changes due to the presence of the hydrophobic sur-
face can be much longer, ranging up to 8 nm, involving roughly 18 to 24 water
hydration layers [82]. The changes of water structure in the proximity of differ-
ent crystalline surfaces as talk [65], diamond [70], or of structureless absolutely
flat surfaces [68] have also been simulated. Recent experiments by Chattopad-
hyay seem to reveal a hydrophobic gap of up to 0.8 nm at the interface between
water and a very hydrophobic surface [86]. These results were discussed more
recently [87, 88], questioning the limitations in the analysis of the results.

Not only the structure of the water changes in the vicinity of solid surfaces,
but also the interfacial-water dynamics. Notably slower (about 25 % slower,
as compared to the bulk case) water dynamics was measured recently by Yoo
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et al [80] near the Nafion resin (hydrophilic) surface by 1H NMR technique.
These changes of the interfacial-water dynamics can be connected to different
interfacial-water structure, as shown recently by the ultra-fast two-dimensional
surface-specific vibrational spectroscopy [89]. Molecular-dynamics simulations
by Lee and Rossky [67] showed that the dynamical changes due to the sur-
face presence, as measured by the diffusion rates and reorientation times, are
rather small. MD simulations of water dynamics in the confinement between
two hydrophobic surfaces (paraffin crystals) shows that the dynamics becomes
slower [84]. Such a confinement induces strong layering, which slows the trans-
lational and rotational dynamics. Even some evaporation of water from nonpo-
lar hydrophobic confinement has been observed by molecular-dynamics simu-
lation [64]. The heterogeneous dynamics of water in hydrophilic confinements
has been studied recently by Youseef et al [85]. They show that ballistic motion
and diffusive motion of water molecules are well-separated in time (by about
three decades) by a plateau region, which reflects the rattling motion of water
molecules in the cage formed by the surrounding molecules. The transition from
the cage-regime to the diffusive regime is rather gradual.

We use molecular-dynamics simulations to characterize the dynamic behav-
ior of water close to the oxidized atactic polystyrene surfaces. We simulate
the surface of the polystyrene explicitly, i.e. we take into account its atom-
istic roughness. The atactic polystyrene (aPS) is a model for the solid phase
in an immunoassay. The oxidation of the aPS surface is a method of turning the
native hydrophobic surface in a hydrophilic one. The structure of the interface
between oxidized aPS and water is discussed in the previous chapter and in our
article [25]. Here we discuss the dynamic properties, such as relaxation times,
of layers of water at different distances from the interface with the aPS film. Our
main goal is to see what can the effect of the atomistically rough surface, with
different degree of the hydrophobicity, be on dynamical properties and layering
of water. We observe that the dynamics of water near the interface with aPS films
is more heterogeneous and slower compared with its dynamics in the bulk, also
with some features of glassy dynamics. The model for the aPS representation
influences the water dynamics significantly.

5.2 Results and discussions

We study the dynamics of water near polymeric surfaces with tuned hydrophilic-
ity by means of molecular dynamics simulations. We model the aPS films in two
ways: by using the united-atom (UA) representation and the dummy-hydrogen-
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atoms (DHA) representation [90], as discussed in Chapter 3.
The main difference between the two representations is that in the case of the

DHA representation there are small dipoles between the C atoms in the phenyl
rings and the dummy hydrogen atoms. The partial charge on these atoms is -0.14
and +0.14, respectively, thus the dipole is too small to be able to form hydrogen
bonds with the water molecules. In the case of oxidized aPS the dipole between
the carbon atoms on the phenyl rings and the oxygen atoms, having the partial
charge of +0.38 and -0.38 respectively, is strong enough to form hydrogen bonds
with water.

Figure 5.1: Number of hydrogen bonds formed between water molecules and four sim-
ulated aPS surfaces, as function of time. UA and DHA denote the united-atoms and
dummy-hydrogen-atoms models for the aPS surface, correspondingly. 0% and 12%
represents the oxygen content at the aPS surface, as explained in the text. The average
number of hydrogen bonds between water and the oxidized aPS having a surface of 100
nm2 is 212 in the UA representation and 227 in the DHA representation.

To support these statements, the number of hydrogen bonds formed between
the water molecules and the aPS surfaces in four simulated systems is plotted
as a function of time in Figure 5.1. We observe that in both the UA and DHA
representation, the non-oxidized surfaces form no hydrogen bonds with water,
being completely hydrophobic. In the case of oxidized aPS, the average number
of hydrogen bonds formed between water molecules and the surface in the DHA
representation is about 7% larger than in the case of the UA representation of the
aPS surface. This is probably due to the local rearrangement of the polystyrene
chains in the DHA representation at the interface, which makes more oxygen
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atoms available for HB formation.
We analyze the data obtained from simulations of four different systems:

• water near non-oxidized surface in UA representation

• water near oxidized surface (12% oxygen content) in UA representation

• water near non-oxidized surface in DHA representation

• water near oxidized surface (12% oxygen content) in DHA representation

Figure 5.2: The number of water molecules in different layers normalized to the average
population < n >b in a layer of the same thickness in bulk.

We expect the water dynamics to depend on the distance from the polystyrene
surface. In order to quantify this effect, we first divide the water molecules in
layers parallel to the average polystyrene surface. This average surface is rep-
resented by the Gibbs dividing surface [39]. The typical surface region of the
film is about 1 nm thick. The relative populations in different layers of water
near oxidized and non-oxidized polystyrene surfaces are depicted in Figure 5.2.
The 0th layer corresponds to the middle of the polystyrene film. Each layer is
0.125 nm thick. After 7-9 layers the water population starts to increase, reach-
ing the bulk population after another 10-15 layers. We can typically identify an
approximately 1.5 nm thick interfacial region where the water density changes
from 0 to bulk density. We observe that in the case of water near a non-oxidized
polystyrene surface in UA representation, the populated layers are further away
from the water-polymer interface. This suggests an effective repulsion between
the water molecules and the polymeric film in the absence of dipoles at the film
surface.
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5.2.1 Orientational autocorrelation functions

a b

c d

Figure 5.3: Typical plots of the P1 and P2 autocorrelation functions for different layers
of water near hydrophilic (i.e., oxidized) aPS in DHA representation (a, c) and in the
absence of the surface (b, d). The layer i′ is the i-th populated layer of water from the
interface. The bulk is here taken as the average of all layers that reached the bulk water
density.

To analyze the dynamic behavior of water near the interface with the aPS
thin film, we calculated the orientational autocorrelation function of the vector
associated with the water dipole, as described in Section 2.6.5. A typical set of
P1 and P2 curves is shown in Figure 5.3. Qualitatively, we observe a monotonic
spread of the curves both for P1 (Figure 5.3a) and for P2 (Figure 5.3c) as func-
tion of their distance from the interface. For comparison we also plot the same
curves for bulk water, calculated from simulations of water in the absence of a
polymeric film. For convenience, the P1 and P2 curves were calculated, also here
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in different layers of the same thickness and in the remaining bulk; it is clearly
seen that dynamics in the layers is indistinguishable from that in the rest of the
bulk. In all systems we can easily distinguish at least two relaxation processes:
one very fast process, at small times, and a somewhat slower process at longer
times. The curves have similar behavior, but they differ quantitatively. At a first
sight, the P2 curves decay faster than P1 curves for all water layers, which is in
good agreement with values of relaxation times of water molecules obtained by
dielectric spectroscopy and NMR [76].

To gain more quantitative insight, we fit these curves by a stretched expo-
nential, as shown in Section 2.6.6. The so obtained relaxation times τ1 and τ2
are plotted as a function of layer number for different systems in Figure 5.4a and
Figure 5.5a, respectively. We expect to see a clear difference in the relaxation
times in different layers and in the remaining bulk. We observe that both for
non-oxidized (0%) and oxidized (12%) aPS in UA representation the relaxation
times do not show a clear trend with distance. In the case of DHA representation
the relaxation times are much larger close to the interface than in the bulk. This
increase in the τ1 relaxation times is in qualitative agreement with experimental
results for water bound to the surface of proteins [91]. All relaxation times in
Figure 5.4a and Figure 5.5a converge to a single value after about 1 nm from the
Gibbs dividing surface, corresponding to the bulk relaxation of water.

a b

Figure 5.4: (a) Relaxation times τ1 of water molecules and (b) β1 exponent in the
stretched exponential fit, obtained in different layers for the four studied systems. Error
bars are smaller than the symbols size.

In Figure 5.4b and Figure 5.5b we plot the exponents β1 and β2 in the
stretched exponential function as a function of layer number. We observe an
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Figure 5.5: (a) Relaxation times τ2 of water molecules and (b) β2 exponent in the
stretched exponential fit, obtained in different layers for the four studied systems. Error
bars are smaller than the symbols size.

increase of β1,2 with approaching the bulk. This means that the dynamics is
more heterogeneous near the interface than in the bulk. The values of both β1
and β2 are also slightly lower in the case of DHA representation than in the case
of UA representation, as well as lower in the case of the oxidized systems when
compared to the non-oxidized ones. In general, more heterogeneous dynamics
correspond to longer relaxation times.

The simulated relaxation times τ1 can be probed by dielectric spectroscopy.
Experimentally obtained values for τ1 for water at room temperature are in the
order of 10 ps [92]. The simulated τ2 times can be connected to characteristic
processes measured by NMR relaxation. The ratio τ1/τ2 is 3 in the case of rota-
tional relaxation of rigid dumbbells in a viscous solvent [93]. For the rotational
relaxation of chain segments in polymers the ratio τ1/τ2 takes values between
3, for segments at the chain ends, and 5.3, for segments in the middle of the
chain [94]. We obtain τ1/τ2 approximately equal to 3.7 for bulk water. In the
case of water near the interface we find this ratio much larger, ranging from val-
ues close to 4, for the UA representation of the aPS film, up to 5.5 in the case of
the DHA representation.

5.2.2 Distribution of relaxation times

The relaxation-time distribution functions for the interface and the bulk, calcu-
lated as described in Section 2.6.6, are shown for all studied systems in Figure



62 Water dynamics in the presence of polymeric surfaces

5.6 and Figure 5.7. The term interface denotes here the F(ln(τ1,2)) averaged over
the first three populated layers. The error bars on the closed symbols in Figure
5.6 and Figure 5.7 represent the standard deviation for the average over the first
three layers. The dynamics of water near the interface differs from system to
system. In the case of water near polystyrene in UA representation (see Figure
5.6a,b and Figure 5.7a,b), the differences in the distribution of relaxation times
between interface and bulk are rather small. This observation is in good agree-
ment with the comparison of relaxation times τ1,2 and exponents β1,2 calculated
by the stretched-exponential fit to the P1 and P2 functions (see Figure 5.4 and
Figure 5.5), both varying only slightly with layer number.

In the case of the water dynamics near the aPS in DHA representation (see
Figure 5.6c,d and Figure 5.7c,d), the changes are more significant. We observe a
shift of the relaxation times for the second process, associated with the diffusive
motion of the water molecules, towards higher values in the interfacial layer,
for both oxidized and non-oxidized surface. We observe also a broadening of
the distribution of relaxation times on ps timescale, which is consistent with the
lower values of β (see Figure 5.4b and Figure 5.5b). For water near the non-
oxidized aPS we observe even a third intermediate process between 0.1 and 1 ps
time (Figure 5.6c and Figure 5.7c). From these results we conclude again that
water dynamics at the interface is slower and more heterogeneous in the case of
DHA representation than in the UA representation and in the case of oxidized
hydrophilic polystyrene surfaces than in the case of non-oxidized hydrophobic
polystyrene.

5.2.3 Translational dynamics

System D [10−9· m2/s]
UA, 0% 3.2
UA, 12% 3.3
DHA, 0% 2.1
DHA, 12% 2

Bulk 4.5

Table 5.1: Diffusion coefficients of water at the interface with different polymeric sur-
faces and in bulk

In order to explain this intermediate process we analyze the translational dy-
namics of water molecules by calculating the mean-square displacement (MSD)
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Figure 5.6: Average distribution of relaxation times P1 for the first 3 water layers (in-
terface) and bulk plotted as a function of relaxation time τ1 for different systems as:
(a) water near non-oxidized polystyrene in UA representation; (b) water near oxidized
polystyrene (12% oxygen content) in UA representation; (c) water near non-oxidized
polystyrene in DHA representation; (d) water near oxidized polystyrene (12% oxygen
content) in DHA representation. Error bars for the bulk are smaller than the symbols
size.

of their oxygens as function of time for different systems at the interface and
in the bulk, as shown in Figure 6.9. We show only one curve for the MSD of
water molecules in bulk, since they are very similar. The first part of the MSD
curves, at small times, coincides for all studied systems and has the slope equal
to 2 (ballistic motion). The last parts of the MSD curves, at large times, have
the slope close to 1 (diffusive motion). We calculated the diffusion coefficient of
water using the relation < ∆r2 >= 6D∆t. For water molecules in bulk we obtain
the diffusion coefficient of 4.5 ·10−9 m2/s. This value is almost twice larger than
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Figure 5.7: Average distribution of relaxation times P2 for the first 3 water layers (inter-
face) and bulk plotted as a function of relaxation time τ2 for different systems: (a) water
near non-oxidized polystyrene in UA representation; (b) water near oxidized polystyrene
(12% oxygen content) in UA representation; (c) water near non-oxidized polystyrene in
DHA representation; (d) water near oxidized polystyrene (12% oxygen content) in DHA
representation. Error bars for the bulk are smaller than the symbols size.

the experimental value for water diffusion coefficient [95], but in good agree-
ment with other computational data for a series of water models [96–98]. At the
interface we obtain lower values for the diffusion coefficient of water molecules,
as shown in Table 5.1.

For water molecules at the interface with the aPS in DHA representation the
two regimes, ballistic and diffusive, are separated by a plateau-like crossover
at t ≈ 1 ps. This behavior can be attributed to the in-cage motion of the wa-
ter molecules trapped near the interface. The value of the MSD at which the
crossover starts, i.e. < ∆r2 > ≈ 0.02 nm2 corresponds to the size of the cage.
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Figure 5.8: Mean-square displacement, 〈∆r2〉 of the oxygen atom in water molecules
as function of time.

Thus, the DHA representation captures the in-cage motion of the water molecules,
which was also reported recently by Youssef et al. [85]

5.3 Conclusions

We simulated and compared the dynamics of water at the interface with surfaces
of the oxidized and non-oxidized aPS films, both in united-atom and dummy-
hydrogen atoms representation. A general conclusion we draw from these results
is that dynamics of water near the interface with a polymeric film is different
from bulk water dynamics and is influenced by the nature of the polymeric sur-
face. The united-atom representation of the polymeric film results in a weaker
influence on the water dynamics at the interface with these films. The dummy-
hydrogen atoms representation of the aPS surface is more realistic in the sense
that it shows a more pronounced slowing down of the rotational diffusion of wa-
ter and reproduces the in-cage motion of water molecules at the interface. The
translational diffusion of water molecules is slower near the interface than in the
bulk and is slowest at the interface with the aPS in the dummy-hydrogen atom
representation.
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C H A P T E R 6

MYOGLOBIN IN INTERACTION WITH
POLYSTYRENE FILMS

ABSTRACT

In this chapter the results of the detailed atomistic molecular-dynamics simu-
lations of myoglobin in interaction with amorphous polystyrene surfaces with
varying hydrophobicity are presented. The question we intend to answer is how
do the orientation of the protein and the surface oxidation influence the first step
of the non-specific protein adsorption on the polymer surface. The protein is
placed initially at different distances from the polystyrene film and in different
orientations, to mimic its transport towards the polymeric film. We model the
polystyrene surfaces as non-oxidized (hydrophobic) and oxidized (hydrophilic)
films, both in united-atoms and dummy-hydrogen atoms representations. We
monitor the interactions between the protein and the polystyrene surface in two
cases: for the same polystyrene surface in contact with the protein in different
initial orientations and for one initial orientation of the protein in contact with
different polystyrene surfaces. For this initial stage of adsorption we compare
the stability and the number of myoglobin-polystyrene atomic contacts, the in-
teraction energies and the free energy of solvation for all simulated situations.
We find that the initial contact of the protein with the hydrophobic polystyrene
surfaces is stronger than with the hydrophilic ones. The orientations of the myo-
globin in which the more rigid protein parts face the polystyrene film exhibit
stronger initial contact with the polymeric surface.
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6.1 Introduction

In many applications, such as the detection of biomolecules in biosensors, pro-
teins come in interaction with surfaces and the understanding and control of
especially the non-specific adsorption of proteins on surfaces is crucial. Adsorp-
tion, in general, is the process of adhesion of particles to a surface. Due to the
complex and highly dynamic structure of proteins, the physical mechanisms of
their adsorption are different as compared to those for the low-molecular-weight
compounds. In course of protein adsorption to a surface significant conforma-
tional changes can take place and hence the secondary and tertiary structures of
the protein might change considerably. Since the biological function of proteins
is believed to be strongly affected by their structure, also the activity of a protein
can change upon adsorption on a surface. In more than 50 years of intensive
protein research a lot of progress was achieved, but the protein adsorption is still
a vividly discussed problem. The major physical factors which govern the pro-
tein adsorption include surface energy, excluded-volume interactions and other
intermolecular forces, degree of hydrophobicity for both protein and the sur-
face, and ionic strength of the solution. The knowledge how these factors affect
protein adsorption is very important in order to reach the most optimal perfor-
mance of biomaterials. In his review on protein adsorption, Vogler [99] gives an
overview of the research on protein adsorption in the last decades. One emerging
conclusion from these studies is that the hydrophobicity or hydrophilicity of the
adsorbent and of the protein play an important role in the process of adsorption.
The more hydrophobic the surfaces are, the stronger the adsorption of the protein
is. He also emphasized the important role of the solvent in the protein adsorption
process.

The full process of adsorption of a protein takes place in three steps: the
transport of the protein to the interface with the adsorbent, the attachment of the
protein to the surface of the adsorbent and the conformational changes of the
protein in adsorbed state [99]. All-atomistic molecular-dynamics simulations of
the entire adsorption process are practically impossible with the present com-
putational resources, due to the large number of atoms involved in the process
and also due to the relatively large time-scales at which these processes take
place. In particular, the transport of the protein to the interface and the confor-
mational changes of the protein in the adsorption process take place at times that
are not accessible at atomistic level in molecular simulations. Coarse-graining
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techniques [100–102] allow to simulate a larger time interval, including con-
formational changes of the protein, but by this the atomistic resolution is often
lost. Sampling techniques [103–107] are also frequently used to reduce the high
energy barriers between different states of the protein in question.

Without intending to cover the entire literature in the research area of biomolecules
in interaction with surfaces, we would like to briefly discuss the contributions
about the first stage of adsorption from the detailed atomistic modeling.

In many fully-atomistic simulations the proteins are treated as rigid entities,
and the energies of attraction to the surface are calculated as the protein is ro-
tated sequentially through various angles and placed at different heights. The
simulations are performed usually on nanosecond timescale and in implicit sol-
vent. Brownian-dynamics simulations of the hen egg-white lysozyme (HEWL)
modeled atomistically as a rigid object have been performed by Ravichandran
et al. [108]. They positioned the protein in a random orientation above the sur-
face, and simulated its adsorption. Lysozyme is a positively charged protein,
and its adsorption on a positively charged homogeneous surface would not be
expected. However, they find that it does indeed adsorb. The authors propose
that the heterogeneity of charge distribution on proteins must play an impor-
tant role in adsorption. In atomistic simulations of Noinville et al. [109] the
adsorption of HEWL and alpha-lactalbumin(ALC) on poly(vinylimidazole) has
been investigated in implicit solvent by varying both orientations and heights
above the surface. Electrostatic and van der Waals effects are included, and sol-
vent effects are included by varying dielectric permittivity. As in the previous
study [108], they find dependence on the heterogeneous distribution of charge.
As a first approximation, no dynamical behavior of any kind was allowed in their
model.

To allow some protein conformational changes, Raffaini et al. [110] stud-
ied different subdomains of the protein separately in order to reduce computa-
tional costs. They performed molecular-dynamics simulations with an effective
dielectric medium to implicitly simulate water, and additional simulations for
much shorter times with explicit water. Their long simulation runs in dielectric
medium lasted for a maximum of 1 ns. The additional short runs, for about 10
ps, in explicit water show little conformation change. Raffaini et al. proposed
two stages of adsorption. In the first stage the molecule approaches the surface,
without major changes in its secondary structure during this stage. Only later,
during the second stage, the polypeptide changes its orientation, and unfolds.
Common strategies in MD simulations of initial and final stages of adsorption
are explained in their review on the subject [111]. The adsorption of different
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globular protein fragments on the surface of hydrophilic glassy poly(vinyl alco-
hol) (PVA) has been also studied by the same group [112]. The atomistic MD
simulations were carried out with implicit solvent modeled as an effective di-
electric medium. The polypeptide-surface interaction energies were found to be
smaller than in the case of crystalline graphite, because fewer residues are in
contact with the surface, and they interact weaker. The authors also performed
MD simulations in explicit water, but only for the extremely short (10 ps) time.

Simulations of the distance-dependent interaction energies for three different
proteins, immunoglobulin, trypsin and lysozyme, on different polymer surfaces,
namely polyethylene, polypropylene and PVA, have been also performed by Lee
and Park [113]. The total energy was dependent on the orientation of a protein
even on the same polymer surface. All-atomistic NVT MD simulations of hu-
man serum albumin (HSA) and basic protein lysozyme (LSZ) on the crystalline
surface of octacalcium phosphate (OCP) have been carried out very recently by
Wang et al. [114]. Three initial orientations for each protein in respect to the sur-
face have been used, and the equilibration was stopped after 50 ps of simulation,
no explicit solvent was considered. After this equilibration time the interactions
energies between OCP and proteins have been calculated. The authors conclude
that the adsorption interaction energy for basic LSZ protein is higher, and its
adsorption is more favorable. A similar approach was taken earlier by Hsu et
al. [115] for the all-atomistic Monte Carlo study of the preferred adsorption of
HAS on a model hydrophilic self-assembled monolayer (SAM) in the absence
of water.

In all these studies it is generally accepted that the protein orientation and
conformation are of critical importance for its adsorption. The stability of the
adsorbed state for proteins depends also largely on the surface properties such
as surface energy, roughness, and relative distribution of the hydrophilic and
hydrophobic patches. In the present study we would like to acquire some insights
into the effects of the surface roughness, initial protein orientation and degree of
hydrophobicity of the protein and of the surface on the very initial stage of the
protein adsorption. Since we want to investigate the influence of atomistic details
of the surface on the contact with the protein, the atomic resolution is essential.
This very detailed description leads to limitations of the time-scales accessible
by our simulations to nanoseconds. We restrict this study to the very initial stages
of the protein adsorption, taking place on a nanoseconds time-scale. The more
coarse-grained approach is outside the scope of the thesis.

In general, there are three key issues that have to be addressed when perform-
ing molecular simulations of proteins in interaction with surfaces: the correct
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parameterization of the force field, the effect of solvation and the sampling of
the system [116]. In our simulations we use the GROMOS 53A6 [14] empirical
force field, which gives a relatively accurate description of biomolecules in aque-
ous solution. The solvation of the protein is achieved by simulating the solvent
explicitly, hence relying on the accuracy of the force field. In the present study
we will focus only on the initial contact of the protein with the surface of the
adsorbent, which in our case is the aPS film. We simulate both the non-oxidized
and oxidized aPS, these surfaces being relevant for the biosensing applications.
We assume that the protein is not undergoing large conformational changes and
that the present atomistic molecular-dynamics simulations of 1 ns length are suf-
ficient for the calculation of static properties of the protein in contact with the
aPS surface.

To study the influence of the orientation of the protein on the stability of the
contact, we fix all the other parameters and place the protein initially in differ-
ent orientations and at different distances from the polymeric surface. To ana-
lyze the influence of the surface properties, we simulate the protein with a given
orientation at different distances from hydrophilic and hydrophobic polystyrene
surfaces.

6.2 Computational set-up of the system

In the present simulations we modify three essential parameters: the nature
of the polystyrene surface, the initial distance between the centers of mass of
polystyrene film and myoglobin and the initial orientation of the myoglobin. In
what follows we discuss these factors and the initial equilibration of the system.

6.2.1 The nature of the polystyrene surface

In our simulations we consider four different polystyrene surfaces: polystyrene
in united atoms representation (UAPS), oxidized polystyrene in united atoms
representation (UAoxPS), polystyrene in dummy-hydrogen atoms representation
(DHAPS) and oxidized polystyrene in dummy-hydrogen atoms representation
(DHAoxPS).

The oxidized polystyrene surfaces contain 12% oxygen in a 1 nm layer at
the interface. The addition of the oxygen to the hydrophobic polystyrene was
explained in Chapter 2. The non-oxidized surfaces are hydrophobic, while the
oxidized surfaces correspond to hydrophilic surfaces, as shown in Chapter 4.
The different representations (UA and DHA) modify the hydrophobic character
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of the surface in a more subtle way, as discussed in Chapter 3.

6.2.2 The initial distance between the centers of mass of polystyrene
film and myoglobin

We mentioned above the steps in the process of protein adsorption, the first of
them being the transport of the protein to the interface with the adsorbent. The
full study of the protein adsorption, including the transport of the protein to the
surface, is not accessible by atomistic molecular dynamics, so another way for
the protein to approach the surface is needed. Our way is to place the protein in
the simulation box at various initial distances between the center of mass of the
aPS film and of the protein, namely at 10 nm, 8 nm, 6 nm and 4 nm, as shown
in figure 6.1. Simulations have been performed for each initial distance between
protein and aPS. In Figure 6.1 we show, as example, four simulation boxes with
the protein initially placed in the same orientation and at four different distances
from the aPS film. The snapshots are taken after 1 ns of molecular-dynamics
simulation.

6.2.3 The initial orientation of the myoglobin

We consider the principal axes X, Y and Z and we define the angles α , being the
rotation of the protein around X axis, β , being the rotation of the protein around
Y axis and γ , being the rotation of the protein around Z axis, as illustrated in 6.2.
The Z axis is perpendicular to the plane of the polystyrene surface. We restrict
our study to 6 orientations, corresponding to 6 rotations of the protein: (α , β ,
γ)=(0, 0, 0), (α , β , γ)=(90, 0, 0), (α , β , γ)=(180, 0, 0), (α , β , γ)=(270, 0, 0), (α ,
β , γ)=(0, 90, 0) and (α , β , γ)=(0, 270, 0). The rotations correspond to the 6-fold
symmetry of a cube. This choice is a minimum attempt to uniformly sample the
space of possible orientations. The rotated proteins are shown in figure 6.3. For
clarity, in figure 6.3 we represent only the protein, but the aPS film, water and
ions are present in the simulation and placed as in figure 6.1. At this point, it
is worth mentioning that the orientations (90, 0, 0) in figure 6.3b and (270, 0,
0) in figure 6.3d differ from the other orientations in the fact that at the bottom,
where the contact with the polystyrene surface takes place, they have a helical
structure oriented along the interface with the polystyrene surface. This will
become important in the interpretation of the results later in this chapter. We
will also show later in this chapter that the initial orientation remains the same
during the simulations of the protein in contact with the aPS surface.
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a b

c d

Figure 6.1: Snapshots of the simulation box with polystyrene film in UA representation
(cyan), water, ions and myoglobin in (0, 0, 0) initial orientation, placed at a) 10 nm, b)
8 nm, c) 6 nm and d) 4 nm distance between the centers of mass of polystyrene and
myoglobin. The snapshots are taken at the end of 1 ns molecular-dynamics simulations.
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Figure 6.2: Definition of the protein rotation angles (α , β , γ).

6.2.4 Initial equilibration of the system

After the initial energy minimization, the system was equilibrated for 100 ps
while keeping constant the pressure at 1.01325 bar and the temperature at 300
K. After this equilibration, for each substrate, orientation and distance the 1ns
long production run has been performed at constant volume and temperature.
During this time the protein was allowed to move freely.

Equilibration of proteins in simulations is an important issue, since dynamics
of proteins takes place on large time-scales. Previous studies indicate equilibra-
tion times of several nanoseconds [117]. Other authors claim that even longer
times will not ensure a fully equilibrated protein structure [118], but for the cal-
culation of certain properties the initial equilibration of the protein with its en-
vironment is sufficient. We calculate first the root-mean-square fluctuation in
atomic positions of the free myoglobin during the 1 ns simulation, relative to the
initial structure of the protein in the production run, using the expression:

RMSD(t) =

√√√√ 1
N2

N

∑
i=1

N

∑
j=1
||~ri j(t)−~ri j(0)||2, (6.2.1)

where~ri j is the distance between atoms i and j. The result is shown in Figure 6.4.
A fully equilibrated protein on this time scale would give a plateau in the RMSD,
meaning that in this time no large deviations from the equilibrium structure take
place. We observe a steep increase of this quantity in the first tens of ps, after



6.2 Computational set-up of the system 75
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Figure 6.3: Snapshots of the myoglobin in contact with the non-oxidized UA
polystyrene in different configurations: a) no rotations applied; b) rotation of 90 de-
grees around X axis; c) rotation of 180 degrees around X axis; d) rotation of 270 degrees
around X axis; e) rotation of 90 degrees around Y axis; f) rotation of 270 degrees around
Y axis. The Z axis is here oriented up in the plane of the paper, the X axis is oriented
to the right in the plane of the paper and the Y axis is oriented inwards perpendicular to
the plane of the paper.

which the increase slows down. The full steady state is not entirely reached, but
the slope of the RMSD curve is very small at the end of the simulation.

The initial structure of the myoglobin in our simulations is the X-ray crystal
structure as obtained from the Protein Data Bank [34]. We expect that the protein
in solution will try to maximize its hydrophilic surface that faces the neighboring
water. We plot in Figure 6.5 the hydrophobic and hydrophilic components of the
solvent-accessible surface of the myoglobin in solution during the 100 ps NPT
equilibration and during the 1 ns NVT simulation. The discrimination between
hydrophilic and hydrophobic surface of the protein is made based on the charges
of the underlying atoms. We observe that during the first 100 ps the hydropho-
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Figure 6.4: Root-mean-square deviation of the free-myoglobin atomic coordinates as
function of time. The protein was initially placed at 10 nm distance from the hydropho-
bic polystyrene film. Since the protein is considered free in solution at this distance,
the initial orientation of the protein and the polystyrene surface properties should not
influence this result.

bic surface decreases, while the hydrophilic component of the surface increases.
After this initial phase the two components do not show a clear tendency, but

Figure 6.5: Hydrophobic and hydrophilic parts of the solvent-accessible surface of the
free myoglobin, represented as function of time. The protein was initially placed in (0,
0, 0) orientation at 10 nm distance from the hydrophobic polystyrene film. Since the
distance between the protein and the polystyrene surface is relatively large, the results
obtained for other orientations of the protein and in the presence of other polystyrene
surfaces are very similar. The vertical dashed line delimits the end of initial NPT equi-
libration and begin of the NVT production run.
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fluctuate around the equilibrium value. This means that the protein does not
undergo major changes in its conformation after the first 100 ps of initial NPT
equilibration and that for our further calculations the myoglobin is sufficiently
equilibrated.

6.3 Results and discussions

6.3.1 Free protein versus protein in contact with the polystyrene
surface

Figure 6.6: Typical water density profile in the simulation box containing polystyrene
film and myoglobin, for four initial distances ∆Zinit between the centers of mass of the
hydrophobic polystyrene film and of the protein in (0, 0, 0) initial orientation.

As already discussed in section 6.2, at the beginning of the simulations the
protein is placed in the simulation box at a certain initial distance between the
centers of mass of the protein and of the polystyrene film. In the course of further
simulations this distance is not fixed, the protein diffusion is clearly observed.
Since the initial size of the box in the Z direction is 20 nm and the periodic
boundary conditions in this direction have been applied, the maximum initial
distance at which the myoglobin can be placed is half of the box size, that is 10
nm. At this distance the protein is positioned equidistantly from the polystyrene
film and its nearest periodic image in the Z direction. There are two reasons to
expect the protein to move freely if placed at this distance. First of all, the range
of interaction of the protein with the polystyrene film in the given conditions is
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much smaller than the minimum initial distance between their atoms: the cut-
off radius of the excluded-volume interactions potential is around 1 nm, while
the Debye screening length for the electrostatic interactions in 0.15 M NaCl
solution is roughly 0.8 nm. Secondly, as shown in Figure 6.6, at Z=10 nm the
water already reaches its bulk density between the protein and the aPS surface.
The same reasoning applies to the protein initially placed at 8 nm and 6 nm
distance from the polystyrene surface, but for the latter the minimum atomic
distance between protein and polystyrene becomes comparable with the range
of interaction.

On the other hand, if the protein has been placed initially at Z=4 nm distance
from the polystyrene film, we observe, see figure 6.6, that the water density close
to the polystyrene surface is lower than the water bulk density. This means that
part of the water in this region was replaced by the protein, suggesting that the
protein is in direct contact with the polystyrene surface. The minima in the water
density profiles between roughly 3 nm and 7 nm corresponds to the position of
the polystyrene film, while the other minima match the position of the myoglobin
in the simulation box.

Figure 6.7: The time dependence of the number of contacts during the 1 ns MD
simulations for one myoglobin protein placed initially in (0, 0, 0) orientation and at
∆Zinit = 4 nm distance from the hydrophobic (non oxidized, united-atom representation)
polystyrene surface. The dashed line marks the end of the NPT equilibration run of
about 100 ps, and the start of the NVT production run.

One way to quantify the interaction between the myoglobin and the polystyrene
film is to calculate the number of atomic contacts between them. One atomic
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contact is defined here as a pair of atoms, one belonging to the myoglobin and
the other to the aPS, which are at a distance smaller than 0.6 nm from each other.
The threshold distance of 0.6 nm corresponds roughly to two atomic Van der
Waals radii. For the protein initially placed at 10 nm, 8 nm and 6 nm from the
polystyrene we do not find any atomic contacts, while for the initial distance of
4 nm we do find between 1000 and 3500 atomic contacts, figure 6.7, depending
on the oxidation of the surface and hydrogen representation. In the next sections
we will discuss in more detail the dependence of the number of contacts on the
oxidation degree and on the representation of the polystyrene surface, as well as
on the initial orientation of the protein.

At this point we would like to discuss the stability of these contacts during
the molecular-dynamics simulations which we normally performed for 1 ns. In
figure 6.7 a typical dependence for the number of contacts in the course of the
MD simulations is shown. The first 100 ps represent the NPT equilibration run.
During this time the number of contacts rapidly increases. We should mention
that during this equilibration the volume of the simulation box also decreases
slightly, allowing waters to accommodate to the surfaces of the polystyrene film
and of the myoglobin. Hence, the increase in the number of contacts during the
equilibration period is a natural consequence of the slight decrease in a distance
between the protein and the polystyrene film.

The overall translational diffusion of the protein is analyzed in figure 6.8a,
where the distance between the centers of mass of the protein and polystyrene
during the equilibration and production runs has been plotted for four initial
distances. Indeed, during the NPT equilibration the distance between the centers
of mass of the protein and polystyrene decreases. After this initial equilibration
almost no change of the distance has been observed between two centers of mass
in the case of the myoglobin placed initially at 4 nm from the aPS film. This
suggests that the amount of contacts is quite stable at these time scales.

The minimum distance between the atoms of the protein and of the polystyrene
surface during the equilibration and production run has been plotted in figure
6.8b. As in figure 6.8a, the same four initial distances between the centers of
mass have been used. In this case, we see that the minimum PS-protein dis-
tance at contact is constant during both equilibration and production, while for
the free protein pronounced changes of the minimum distance to the aPS surface
have been observed following the same trend as the motion of the protein center
of mass, figure 6.8a, and showing larger fluctuations. This last fact is a conse-
quence of the rapid motion of protein and PS segments, that do not reflect in the
motion of the protein center of mass.
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a b

Figure 6.8: a) Time evolution of the distances between centers of mass of myoglobin
(Mb) and of polystyrene (PS) film during equilibration and 1 ns production runs; b)
Minimum distance between Mb and PS atoms during 100 ps equilibration and 1 ns
production run. The four graphs in each figure represent the data obtained for four initial
distances (∆Zinit from 4 nm to 10 nm) between myoglobin in (0, 0, 0) initial orientation
and the hydrophobic polystyrene in UA representation. Similar curves are obtained for
other orientations of the protein or properties of the polystyrene surface. The horizontal
dashed lines in a) mark the initial Mb-PS distance, the vertical dashed lines in a) and b)
mark the end of NPT equilibration.

Figure 6.9: Mean-square displacement of the protein placed initially in (0, 0, 0) ori-
entation and at different initial distances from the center of mass of the hydrophobic
polystyrene.
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As a last evidence, in figure 6.9 we plot the mean-square displacement of
the center of mass of myoglobin placed initially in (0, 0, 0) orientation and at 10
nm, 8 nm, 6 nm and 4 nm from the center of mass of the hydrophobic aPS. Most
of the obtained curves deviate from the line with slope 1, implying anomalous
diffusion of the protein. Further, we fit the region between 10 ps and 100 ps of
these graphs with the function:

〈∆r2〉= 6Dtα , (6.3.1)

where D is the diffusion coefficient of the protein and α is the anomalous diffu-
sion exponent. If α=1, the myoglobin undergoes normal diffusion. If α <1 the
process is sub-diffusive and for α >1 we would talk about super-diffusion. The
results for the initial distances between protein and aPS film of 6 nm, 8 nm and
10 nm are very close to each other. For these curves we obtain the values for α

between 0.8 and 0.9 and diffusion coefficients ranging from 0.3 to 0.5 nm2/ns.
For the protein placed at initial distance of 4 nm from the aPS film we obtain

α=0.6. This indicates a clear sub-diffusive regime, meaning that the protein
feels the influence of the polystyrene surface. Similar results can be obtained for
other orientations of the protein and for other polystyrene surfaces, with different
hydrophilicity or in other representation.

From all these observations we conclude that the myoglobin placed initially
at 4 nm from the polystyrene surface, is in contact with the polymeric surface
and this contact is stable in time, at least on the scale of 1 ns. Placing the protein
further away from the aPS surface will result in the free diffusive motion of the
protein even on nanosecond time-scale. We will further refer to these situations
as the protein in contact and free protein.

6.3.2 Influence of the protein orientation on the first stage of ad-
sorption

In this section we discuss the influence of the initial orientation of the protein
on the contact with the polystyrene surface. As a reference polymer surface the
non-oxidized polystyrene film in the united-atoms representation has been cho-
sen. This surface shows the most hydrophobic behavior and since its atoms do
not carry electrical charge, there is no electrostatic interaction with this surface
involved. The initial orientations of the protein correspond to the rotations of the
protein around the X, Y and Z axis, (0, 0, 0), (90, 0, 0), (270, 0, 0) and (0, 90, 0),
as presented earlier in this chapter.

As discussed above, the residues that are situated at a distance smaller than
0.6 nm from the surface atoms are considered to be in contact with the poly-
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Figure 6.10: Number of protein-aPS contacts during the simulation for the myoglobin
in different initial orientations initially placed a 4 nm distance from the hydrophobic
polystyrene surface.

mer surface. Obviously, different initial orientations of the protein will expose
different residues for the contact with the surface. Accordingly, the number of
contacts with the polystyrene surface will differ from one orientation to another,
as we observe in figure 6.10.

The protein in (270, 0, 0) initial orientation forms the largest number of
contacts with the surface, while the protein in (0, 0, 0) and (0, 90, 0) orientations
form the least contacts. Because of the short simulation time, this is caused only
by the initial tertiary structure of the protein and does not involve any unfolding
of the protein near the polystyrene surface.

To see which parts of the protein are in contact with the polystyrene surface
the minimum distance between the myoglobin and the aPS film as function of
the residue number has been plotted in figure 6.11 for the four initial orientations
of the protein initially placed at the distance ∆Zinit = 4 nm from the non-oxidized
united-atom aPS. These graphs are influenced not only by the tertiary structure
of the protein, but also by the roughness of the region of the polystyrene surface
with which they are in contact. For the present discussion this aspect is not very
relevant, since we use the same polystyrene surface for all orientations, but it
will become important in the next paragraph where we discuss the influence of
the different polystyrene surfaces on the contact with the myoglobin. Here we
will discuss the extreme cases: the orientation (0, 0, 0), giving minimum number
of contacts and orientation (270, 0, 0), giving the maximum number of contacts
with the non-oxidized polystyrene surface in UA representation.
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Figure 6.11: Minimum distance between the myoglobin and the non-oxidized
polystyrene surface as function of the residue number for four different initial orien-
tations of the protein corresponding to the rotations: a) (0, 0, 0), b) (90, 0, 0), c) (270,
0, 0) and d) (0, 90, 0). The initial distance to the center of mass of the hydrophobic
polystyrene is 4 nm. The data are obtained from a 1 ns MD simulation. The horizontal
lines represent the threshold of 0.6 nm.

The protein in (0, 0, 0) orientation brings 51 residues in contact with the
polymeric surface. These residues contain in total 573 atoms. These residues
are grouped in three larger regions corresponding to the positions 33-(45)-61,
94-(104)-106, 146-153 in the primary structure of the myoglobin. The residues
mentioned in brackets are strictly speaking not in contact with the surface, but
very close to it. If we compare the position of these groups in the primary struc-
ture with the corresponding positions in the secondary structure, we observe that
these residues are positioned in small helical structures, at the one end of larger
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helices or in turns and loops between helices. This suggests that no helix is
placed parallel to the surfaces in such a way that all its residues are in contact
with the surface.

The myoglobin in (270, 0, 0) orientation has 67 residues, containing 698
atoms in contact with the polymeric surface. Here the residues are grouped also
in three distinct regions: two smaller regions at the positions 11-(13)-24 and 148-
(150)-151, and a larger region between residues 41 and 98. In this last region not
all residues are in contact with the surfaces, but nevertheless very close to it. If
we make the correspondence with the secondary structure we observe that in this
orientation the residues are mainly part of larger helices, suggesting that some
helices are placed nearly parallel to the surface and in this way large helical
structures are placed in contact with the polymeric surface.

In figure 6.10 we showed that the total number of atomic contacts between
myoglobin and the hydrophobic polystyrene in UA representation is between
1500 and 2000. Comparing these numbers with the myoglobin atoms that par-
ticipate in these contacts, we conclude that on average each myoglobin atom in
the contact region participates in 3-4 contacts with polystyrene atoms.

a b

Figure 6.12: Snapshots of the protein segments that are in contact with the hydrophobic
polystyrene surface. The protein was initially placed in a) (0, 0, 0) and b) (270, 0,
0) orientation. The segments depicted in blue are polar, while the red ones are non-
polar. The cylinders show the helical parts of the protein in contact with the polystyrene
surface.

To better visualize the contact region of the protein in these two orienta-
tions, in figure 6.12 we depict the top view on the residues in contact with the
polystyrene surface. For clarity, the other residues as well as the water, ions and
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polystyrene atoms where excluded from the picture. The residues depicted in
blue are polar, while those represented in red are non-polar. We observe that
the protein in initial orientation (270, 0, 0) has more helical segments in contact
with the surface, in contrast with the small amount of helices and large amount
of loops and turns in the case of the protein in (0, 0, 0) orientation. In our simula-
tions there is no clear preference for hydrophobic or hydrophilic groups to make
the first contact with the surface, as shown in figure 6.12, where red (non-polar,
hydrophobic) and blue (polar, hydrophilic) parts are equally present. This can
be explained by the fact that the simulation time is too short to allow large con-
formational changes that would be required to reorient the chains in such a way
that more hydrophobic or hydrophilic parts of the protein will face the surface.
Hence, the distribution of hydrophobic and hydrophilic patches at the interface is
determined mainly by the initial geometry of the myoglobin given by its tertiary
structure.

a b

Figure 6.13: a) Lennard-Jones potential energy between the polystyrene film and the
myoglobin in different initial orientations and b) Lennard-Jones potential energy per
contact between the polystyrene film and the myoglobin in different initial orientations.
The different colors stand for different initial orientations of the protein. The values
of ∆Z indicate the final distance between the aPS film and the protein after 1 ns MD
simulation. The energy is expressed in kJ per mole of proteins in contact with the surface
in a) and in kJ per mole of atomic contacts with the surface in b).

Further we analyze the direct interaction between myoglobin and polystyrene
by plotting the Lennard-Jones potential energy term as function of the final dis-
tance between the centers of mass of myoglobin and polystyrene film for dif-
ferent initial orientations of the protein. In Figure 6.13a we show the absolute
value of the Lennard-Jones potential energy. We observe that the orientation
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(270, 0, 0) has the energetically most favorable contact with the non-oxidized
UA polystyrene surface, while the orientations (0, 0, 0) and (0, 90, 0) are the
least energetically favorable. Since the total Lennard-Jones interaction between
myoglobin and polystyrene is influenced by the number of atomic contacts be-
tween them, it is not surprising that the energy values in this case follow the
tendency of the number of contacts depicted in Figure 6.10. To verify if this is
the only effect we see here, we represent in Figure 6.13b the average Lennard-
Jones potential energy per contact for all orientations and as function of the final
distance between myoglobin and polystyrene. Note that for the distances where
no contacts are present, the values of the Lennard-Jones energies are 0. For these
cases we leave the value 0 for the Lennard-Jones energy per contact. We observe
that there is a subtle difference between the values of the Lennard-Jones potential
energies per contact for the different orientations. At the same time, the values
with the lower energy correspond to the smaller distance between the centers of
mass of myoglobin and polymeric film. This suggests that some orientation, in
this case the orientation (270, 0, 0), accommodates the polystyrene surface better
than others.

Figure 6.14: Free energy of solvation of the myoglobin at different distances from the
non-oxidized polystyrene surface in UA representation. The myoglobin is placed in four
initial orientations: (0, 0, 0), (90, 0, 0), (270, 0, 0) and (0, 90, 0). The free energy of
solvation is expressed in kJ per mole of proteins.

Finally, we plot the estimate of the free energy of solvation, ∆Gsolvation for the
protein in different initial orientations. The free energy of solvation represents
the difference in free energy between a particle in solution and the same particle
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in its bulk and is calculated based on the method by Eisenberg and McLach-
lan [119]. They developed a procedure to calculate the stability of proteins in
water starting from their atomic coordinates. The solvation free energy of the
protein is obtained by summing all atomic contributions, each atomic contribu-
tion being the product between the accessibility of that atom and its solvation
parameter. We must mention that this is just a prediction of the free energy of
solvation, taking in account the solvent accessible surface of the protein and the
nature of the underlying atoms, but it serves well for our comparison. The free
energy of solvation is constant (about 500 kJ/mol) for the free protein and has the
same values for all investigated initial orientations, in the limit of the error bars.
For the myoglobin in contact with the polystyrene surface the value of the free
energy of solvation is lower than in the case of the free protein, for all studied
initial orientations of the protein. This means that the situation when the protein
is in contact with the surface is favorable for all these orientations. There is,
nevertheless, a small difference between the values of the solvation free energy
of the protein in contact with the polystyrene surface, with the same tendency
as for the potential energy and the number of contacts, but it is questionable
whether the differences are significant. Since the solvation free energy depends
on the surface that is accessible to the solvent, the larger the contact area be-
tween the protein and the polystyrene film is, the smaller the remaining solvent
accessible surface becomes and hence the lower the solvation free energy will
be. Although the differences are very small, this explanation holds for the four
initial orientations of the myoglobin that we analyzed.

6.3.3 Influence of the surface oxidation and representation on the
first stage of adsorption

In what follows we will discuss the influence of different polystyrene surfaces
on the contact between these surfaces and the protein placed in the same initial
orientation. We recall the difference between the four surfaces discussed in this
section and introduced in Chapter 3. In the UA model the polystyrene is repre-
sented with united atoms, meaning that the CH, CH2 and CH3 groups are taken
in account as one bead having the mass of the group and no charge. That corre-
sponds to the situation in which the hydrogen atoms are collapsed on the more
heavy carbon atoms to which they are directly bond. The DHA model takes in
account the hydrogen atoms in the phenyl rings of polystyrene as interaction sites
with no mass and with partial positive charge to match the C-H dipoles. As con-
sequence, the number of atoms and hence of contact possibilities at the surface
of the polystyrene is increased from 8 atoms per monomer in the UA represen-
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tation to 13 atoms per monomer in DHA representation, for the monomers in
the middle of the polystyrene chains. For both representations we simulate one
pure hydrophobic polystyrene surface and one surface that contains 12% oxy-
gen atoms at the surface of polystyrene. The oxygen atoms are partially charged
and form an electrical dipole with the carbon atom in the phenyl ring to which
they are bound. These dipoles are able to form hydrogen bonds with the water
molecules, hence the surface becomes hydrophilic. This aspect is discussed in
detail in Chapter 4.

Figure 6.15: Number of atomic contacts between myoglobin in (0, 0, 0) orientation and
the oxidized and non-oxidized polystyrene surface, in UA and DHA representations.

In Figure 6.15 we represent the number of atomic contacts the myoglobin
forms during the 1 ns simulation with the four studied polystyrene surfaces. The
myoglobin is initially placed at 4 nm from the different polystyrene films and
in (0, 0, 0) orientation. The number of contacts that myoglobin makes with
the surfaces in UA representation is much smaller than the number of atomic
contacts with the DHA surface. This difference comes mainly from the fact that
DHA representation of polystyrene contains more atoms, hence more potential
contacts than the UA representation. The larger fluctuations of the number of
contacts in the case of DHA surfaces suggests that more contacts are formed
and lost in time. These might come from the fact that there are a significant
amount of contacts established with virtual hydrogens in the phenyl rings on the
polystyrene surface. We assume that these atoms are more mobile, being further
away from the arrested main chain in the polystyrene glass and, since they have
no mass, have only electrostatic interaction with other atoms. This allows them
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to move more freely to and from the protein.
Another difference we notice is that in both representations the oxidized sur-

faces form less contacts with the protein than the non-oxidized hydrophobic sur-
faces. We think that this difference has its origins partly in the different rough-
ness of the surface. As we showed in table 3.1 in Chapter 3, the oxidized surfaces
in water environment exhibit larger roughness than non-oxidized surfaces, so the
contact between the protein and the surface is hindered. The difference in rough-
ness between oxidized and non-oxidized surfaces is of about 0.05 nm in the UA
representation and of about 0.18 nm in the DHA representation. The initial con-
formation of the polystyrene surfaces is taken after initial equilibration in water,
having thus the roughness as reported in table 3.1 in Chapter 3.

a b

Figure 6.16: Minimum distance between myoglobin and polystyrene represented for
every residue of the myoglobin and for four different surfaces: a) oxidized and non-
oxidized polystyrene in UA representation and b) oxidized and non-oxidized polystyrene
in DHA representation.

To investigate further where this difference in number of contacts between
the oxidized and non-oxidized surfaces comes from, we plot in Figure 6.16 the
minimum distance between the myoglobin and the polystyrene for every residue.
In Figure 6.16a we represent these minimum distances for the polystyrene in UA
representation, while in Figure 6.16b the minimum distances for the polystyrene
in DHA representation are shown. We recall at this point that the minimum dis-
tances plotted here contain not only the information about the tertiary structure of
the protein, but also about the roughness of the polystyrene surface at the contact
with the protein, since the minimum distance is calculated for every pair of atoms
between protein and polystyrene. In both representations of the polystyrene film,
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UA and DHA, we notice small differences in the minimum distances obtained
for the oxidized and non-oxidized polymeric surface, in the sense that for both
UA and DHA representations of the polystyrene film, the myoglobin has more
residues in contact with the non-oxidized hydrophobic surfaces than with the ox-
idized hydrophilic surfaces. The absolute minima in these graphs have the same
values for all studied polymeric films. This suggests that the affinity of the pro-
tein towards the hydrophobic surfaces is reflected in the increase of the number
of contacts and not in the decreasing the distance between contacts.

a b

Figure 6.17: a) Lennard-Jones potential energy and b) Lennard-Jones potential energy
per contact between the myoglobin and different polystyrene surfaces: oxidized and
non-oxidized, both in UA and DHA representation. The energies are expressed in kJ per
mole of proteins in contact with the surface in a) and in kJ per mole of atomic contacts
with the surface in b).

Since the oxidized polystyrene and the polystyrene in DHA representation
contain atoms that carry electrical charge, the interaction between the myoglobin
and the polystyrene surfaces is composed in these cases of the Lennard-Jones and
electrostatic potential energies. At this point we should mention that in reality
the polystyrene surfaces might carry also net electrical charge. This aspect is not
considered in our simulations and hence the electrostatic interactions are proba-
bly underestimated. The Lennard-Jones potential energy between the myoglobin
and the studied surfaces is plotted in Figure 6.17a as function of the distance
between the centers of mass of the protein and polymeric film. In both repre-
sentations, the Lennard-Jones potential energy at contact is lower in the case of
non-oxidized polystyrene than for the oxidized polystyrene. The Lennard-Jones
potential energy per contact, plotted in Figure 6.17b, shows a different tendency:
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the differences between the interaction with the oxidized and non-oxidized sur-
faces vanish and we observe that the Lennard-Jones energy per contact is lower
for the UA representation of the polystyrene as compared to the DHA representa-
tion. This is a consequence of the way in which we model the dummy-hydrogen
atoms in the DHA representation. These atoms are considered when counting
the contacts between the protein and the polymeric surface, but since they have
no mass attributed, they do not contribute explicitly to the Lennard-Jones in-
teraction, this energetic contribution being determined by the carbon atoms to
which they are covalently bound. That is why, in the given case a direct com-
parison of the energies per contact of the two representations is not appropriate.
We can, nevertheless, compare the oxidized and non-oxidized surfaces in each
representation separately.

a b

Figure 6.18: a) Electrostatic potential energy and b) total potential energy per contact,
obtained by adding the Lennard-Jones and the electrostatic potential energy, between the
myoglobin and different polystyrene surfaces: oxidized and non-oxidized, both in UA
and DHA representation. The energies are expressed in kJ per mole of atomic contacts
with the surface.

The electrostatic contribution to the potential energy of interaction between
myoglobin and the polystyrene surfaces, shown in Figure 6.18a, is much smaller
than the Lennard-Jones contribution. As a consequence, the total potential en-
ergy, obtained by summing the two contributions, is not very different from the
Lennard-Jones contribution, showing the same tendency and comparable values
per contact. These values are depicted in Figure 6.18b.

Finally, in Figure 6.19 we plot the estimate of the free energy of solvation
for the myoglobin in (0, 0, 0) initial orientation and situated in the vicinity of the
investigated polystyrene surfaces, as function of the distance between the centers
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Figure 6.19: Free energy of solvation of the myoglobin at different distances from the
four polystyrene surfaces: non-oxidized and oxidized polystyrene, both in UA and DHA
representations. The myoglobin is initially placed in the orientation (0, 0, 0). The free
energy of solvation is expressed in kJ per mole of proteins.

of mass of the protein and polymeric film. It comes as no surprise that the be-
havior of the solvation free energy is very similar for all the studied polystyrene
surfaces. This is a consequence of the impossibility of the protein to adjust its
conformation in the time of the simulation and hence having very similar areas
of contact between the myoglobin and the polystyrene surface.

6.3.4 The effect of the protein hydration on the first stage of adsorp-
tion

One idea expressed by Vogler in his recent review paper [99] was that the protein
adsorption is driven mainly by the solvent interaction with the protein and not
by the mass adsorption on the surface. If we plot, as shown in Figure 6.20, the
Lennard-Jones and electrostatic interaction energies between water and the myo-
globin as function of the distance between myoglobin and polystyrene surface,
we observe that the absolute values of these energies decrease for the protein in
contact with the surface, which translates in the fact that less water molecules
will interact with the protein in this state due to the lower solvent-accessible
surface. The decrease is larger in the case of myoglobin near hydrophobic sur-
faces, than in the case of myoglobin near hydrophilic surfaces. But more re-
markable is the scale of these energies, especially of the electrostatic potential,
where even the fluctuations are in the range of hundreds of kJ per mol of pro-
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a b

Figure 6.20: a) Electrostatic potential energy and b) Lennard-Jones potential energy be-
tween water and the myoglobin in the vicinity of different polystyrene surfaces: oxidized
and non-oxidized, both in UA and DHA representation. The energies are expressed in
kJ per mole of proteins.

teins, comparable to the largest change in interaction energy between myoglobin
and polystyrene surface as plotted in Figure 6.17a. This implies that, even at this
incipient stage of adsorption, water plays a very important role.

6.4 Conclusions

We investigated the influence of the initial orientation of the myoglobin and of
the polystyrene surface properties on the interaction between the protein and the
polymeric surface in the initial stage of adsorption. All the results were obtained
under the assumption that the protein does not undergo major conformational
changes. Since the interaction is mainly determined by the initial geometry of
the system, it is difficult to draw generic conclusions about the affinity between
the protein in different orientations and the polystyrene surface, .

The number of atomic contacts between protein and the polymeric surface is
stable during the 1 ns simulation. The orientation (270, 0, 0) shows the largest
number of atomic contacts with the surface. At the same time this orientation is
the one in which the part of the protein in contact with the surfaces contains the
most helical structures and shows the deepest minima in Lennard-Jones interac-
tion energy with the surface. We can conclude that this configuration accommo-
dates the polystyrene surface the best. From the orientations we investigated, the
orientation with the lowest number of contacts with the surface is orientation (0,
0, 0).
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The number of atomic contacts between the myoglobin and the different
polystyrene surfaces is strongly influenced by the representation of the hydrogen
atoms in the phenyl rings. We showed also that hydrophobic surfaces have more
atomic contacts with the protein than the hydrophilic surfaces. This is reflected
in the Lennard-Jones interaction between the myoglobin and the polystyrene
surface. Since no conformational changes of the protein take place during the
present simulations, the larger amount of contacts in the case of hydrophobic
surfaces is mainly determined by the lower roughness of these surfaces compared
to the hydrophilic ones.

Even in this initial stage of interaction between myoglobin and the polystyrene
surface, the solvent plays an important role.
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CONCLUSIONS AND OUTLOOK

We started by investigating to which extent the representation of the polystyrene
chains plays a role in the surface properties of the polymeric substrate and whether
the water in the vicinity of the surface is influenced differently by these represen-
tations. We chose for this purpose the united-atom representation of polystyrene,
which is widely used in synthetic-polymers simulations, and the dummy-hydrogen
atom representation, which is a step closer to the computationally more expen-
sive all-atom representation. We followed this idea through all our study, per-
forming the simulations for both representations and comparing the results.

We showed that the density of the polystyrene film at the interface has a
steeper decay in the case of the united-atom representation than for the dummy-
hydrogens representation of the polystyrene film. This effect is present both in
vacuum and in water, but is more pronounced in the simulations in the presence
of water. We observed the same behavior in the case of water density profiles
close to polystyrene surfaces modeled using the two representations. The water
molecules penetrate deeper the interface with the polystyrene films in dummy-
hydrogen atom representation than they do in the case of united-atom represen-
tation. It is worth mentioning that, as we showed in Chapter 5, the non-oxidized
polystyrene surfaces in both representations do not form hydrogen bonds in the
molecular-dynamics simulations with the water molecules.

The roughness of the polystyrene surface in the dummy-hydrogen atom rep-
resentation is larger than in the united-atom representation, both in vacuum and
in water, the effect being more pronounced in water than in vacuum. The degree
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of oxidation plays also a role in the surface roughness of the polymeric films, es-
pecially in the presence of water. In the united-atom representation, hydrophobic
non-oxidized polystyrene surfaces become smoother in water than hydrophilic
oxidized surfaces, a tendency that is in good agreement with the density-profile
analysis of the polystyrene film and water. This smoothening is much stronger
in the case of dummy-hydrogen atom representation.

The orientation of the vectors associated with the CH-C bond that connects
the phenyl ring to the main chain of the polystyrene is characterized by an or-
der parameter that has a small positive value. In the united-atoms representa-
tion, the value of this order parameter decreases upon transition from vacuum
to water of the hydrophobic polystyrene in united-atoms representation, while it
does not change significantly for the same transition of the hydrophilic oxidized
polystyrene. In the case of dummy-hydrogen atoms representation, the change
of the order parameter upon transition from vacuum to water is insignificant for
both non-oxidized and oxidized polystyrene.

All these observations lead to the conclusion that the united-atoms represen-
tation of polystyrene films exhibits a more pronounced hydrophobic character
than the dummy-hydrogen atoms representation. This means that the united-
atom representation might be useful, as it was proved in the past, for the study of
polymeric materials in bulk or in vacuum, but when it comes to the interaction
of these materials with other molecules, such as it is the case at the interface
with for example water, a more detailed representation of the polymeric chain is
necessary.

United-atoms representation is a widely used model for polymeric materi-
als, therefore we chose this representation for a more detailed characterization
of the polystyrene surfaces. We simulated the polystyrene thin films in united-
atoms representation after chemical modification by adding oxygen atoms to the
surface of the films. We obtained in this way a series of polystyrene substrates
with different number density of oxygen at the surface, ranging from 0% to 24%,
and corresponding to different degrees of hydrophilicity, from very hydrophobic
to hydrophilic. We performed simulations of these films in vacuum and in wa-
ter and calculated the average surface properties of the polymeric film, such as
density profiles, surface roughness and ordering of molecular segments at the in-
terface. Also the static properties of water in the presence of polystyrene surfaces
with different degree of hydrophilicity were discussed.

We compared the roughness of simulated polystyrene surfaces in vacuum
with experimental values obtained by atomic force microscopy. We showed that
the values of roughness are of the same order of magnitude, in spite of the dif-
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ferences in resolution and size of the probed sample. Simulations reveal that
polystyrene surfaces become smoother upon water presence. The smoothening
is more pronounced for the hydrophobic surface and decreases with increas-
ing oxygen content on the surface. The water presence near the hydrophobic
surface suppresses the natural orientation of phenyl rings found in case of the
polystyrene surfaces in vacuum. The orientation of the phenyl rings is preserved
in case of hydrophilic surfaces in water.

The water density decreases near a hydrophobic surface. This result is in
good agreement with results of previous studies of water near polar and non-
polar solid walls [73]. The water forms an oriented shell around the aPS which
is more pronounced for the hydrophobic polystyrene. The shell is also shifted
away from the hydrophobic surface as compared to the shell around the oxi-
dized aPS. We conclude that the water has a depletion layer accompanied by a
higher ordering of the water molecules near the hydrophobic surface. We also
find that water next to hydrophilic surfaces is oriented as well, the ordered layer
being shifted towards the hydrophilic surface. The ordering of water near the
hydrophilic surfaces can be explained using the semi-wetting-regime arguments
proposed by Trudeau et al. [68].

The dynamic properties of water were calculated in the vicinity of hydropho-
bic and hydrophilic polystyrene surfaces, in united-atoms and dummy-hydrogen
atoms representations, for discrete layers of water at different distances from the
interface. The dynamic properties of water at the interface with various poly-
meric surfaces were compared with the properties of water in the bulk.

A general conclusion we draw from the latter results is that dynamics of
water near the interface with a polymeric film is different from bulk water dy-
namics and is influenced by the nature of the polymeric surface. The united-atom
representation of the polymeric film results in a weaker influence on the water
dynamics at the interface with these films. The dummy-hydrogen atoms repre-
sentation of the polystyrene surface is more realistic in this case, in the sense that
it shows a more pronounced slowing down of the rotational diffusion of water
and it reproduces the in-cage motion of water molecules at the interface. The
translational diffusion of water molecules is slower near the interface than in
the bulk and is slowest at the interface with the polystyrene film in the dummy-
hydrogen atom representation.

Finally, the interaction of the protein myoglobin with the polystyrene sub-
strates in the presence of the buffer solution was simulated. The protein was ini-
tially placed in different orientations and at different distances, thereby mimick-
ing the rotational and translational diffusion of the protein towards the interface.
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The preferential orientation of the myoglobin in contact with the polystyrene
surface as well as the strength of the initial attachment to the polystyrene surface
was calculated for different hydrophilicity and computational representation of
the polymeric film.

Our results show that, depending on the geometry of the protein determined
by its secondary and tertiary structure, some orientations of the protein are ener-
getically favorable. In particular, orientation (270, 0, 0) has the most number of
contacts with the polystyrene surface, in the same time these contacts are orga-
nized in a relatively large number of rigid helical structures. The opposite was
found for orientation (0, 0, 0). The properties of the polystyrene film influence
also the contact with the protein. Hydrophobic polystyrene has more contacts
with he myoglobin than hydrophilic polystyrene, this effect being partly influ-
enced by the larger roughness in the case of the hydrophilic surface. There is
a considerable difference in the number of contacts with the polystyrene in UA
representation compared to the DHA representation. This difference is a natural
consequence of the quasi-explicit representation of the hydrogen atoms in the
phenyl rings of polystyrene.

From the comparison of the energy scales for the interaction between the
protein and polystyrene and between protein and water, we conclude that the
solvent has a large effect, even in this very early stage of adsorption.

Even though the potential energy of interaction between myoglobin and
polystyrene shows only small differences for different orientations, the num-
ber of contacts at the interface is larger for orientations (90, 0, 0) and (270, 0,
0), which also have more contact surface with aPS. This is only an indication
towards preferential adsorption, but for a stronger conclusion more simulations
are necessary. They should take in account the transportation of the protein to
the surface and, more importantly, the conformational changes usually present
in the adsorption process.

Another issue we did not address in our study was the influence of the buffer
solution, salt concentration, pH, temperature, on the adsorption process. It is
known from experiments that these factors do influence significantly the non-
specific adsorption of proteins to solid surfaces, but there are still open questions
on the atomistic and molecular level to the answer of which molecular-dynamics
simulations would contribute to a large extent.

We studied the initial contact of the protein to the polymeric surface, as a
first stage in the adsorption process, but the desorption of the protein from the
surface might reveal interesting aspects as well. Steered molecular-dynamics
[120] simulations provide a useful tool to explore this process, giving indications
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also about the unfolding of a protein in the desorption process. These simulations
would be very well suited for comparison with AFM experiments.

Our simulations address the situation of low concentration of proteins, so
only one protein per simulation box was considered. This limits the range of
applications to which these results may apply. It would be interesting to perform
simulations with more than one protein per simulations box. This implies that
the simulation box should be larger. On the other hand, longer simulations would
allow to explore a wider range of processes in biomolecular systems. Therefore
coarse-graining techniques are necessary to study these complex systems more
extensively.
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LIST OF ABBREVIATIONS

AFM Atomic force microscopy

aPS atactic polystyrene

DHA dummy-hydrogen atoms

DSSP Define Secondary Structure of Proteins

GDS Gibbs dividing surface

GROMACS Groningen Machine for Chemical Simulations

ITIM Identification of the truly interfacial molecules

IUPAC International Union of Pure and Applied Chemistry

KWW Kohlrausch-Williams-Watts

LINCS Linear Constraint Solver

MD Molecular dynamics

PBS Phosphate buffered saline

PDB Protein Data Bank

PME particle-mesh Ewald

SPC simple point charge

STRIDE Structural Identification

UA united atoms

UVO ultra-violet ozone

XPS X-ray photoelectron spectroscopy



102 List of Abbreviations



BIBLIOGRAPHY

[1] D. Wild, editor. The Immunoassay Handbook. 3rd Edition. Elsevier, 2005.

[2] L.C. Clark. Monitor and control of blood and tissue oxygen tensions.
Trans. Am. Soc. Artif. Intern. Organs., 2:41–48, 1956.

[3] L.C. Clark and C. Lyons. Electrode systems for continuous monitoring in
cardiovascular surgery. Ann. N. Y. Acad. Sci., 102:29–45, Oct. 1962.

[4] D.M. Bruls, T.H. Evers, J.A.H. Kahlman, P.J.W. van Lankvelt,
M. Ovsyanko, E.G.M. Pelssers, J.J.H.B. Schleipen, F.K. de Theije, C.A.
Verschuren, T. van der Wijk, J.B.A. van Zon, W.U. Dittmer, A.H.J. Im-
mink, J.H. Nieuwenhuis, and M.W.J. Prins. Rapid integrated biosensor
for multiplexed immunoassays based on actuated magnetic nanoparticles.
Lab Chip, 9:3504–3510, 2009.

[5] M. Wahlgren and T. Arnebrant. Protein adsorption to solid surfaces.
TIBTECH, 9:201–208, 1991.

[6] D. Leckband and J. Israelachvili. Intermolecular forces in biology. Quar-
terly Reviews of Biophysics, 34:105–267, 2001.

[7] B. Kasemo. Biological surface science. Surf. Sci., 500:656–677, 2002.

[8] S.I. Jeon, J.H. Lee, J.D. Andrade, and P.G. de Gennes. Protein-surface
interactions in the presence of polyethylene oxide. J. Coll. Interf. Sci.,
142:149–158, 1991.

[9] W. Kusnezow and J.D. Hoheisel. Review: Solid supports for microarray
immunoassays. J. Mol. Recognit., 16:165–176, 2003.

[10] B. Hess, H. Bekker, H.J.C. Berendsen, and J.G.E.M. Fraaije. LINCS: A
linear constraint solver for molecular simulations. Journal of Computa-
tional Chemistry, 18(12):1463–1472, 1997.



104 BIBLIOGRAPHY

[11] T. Darden, D. York, and L. Pedersen. Particle mesh ewald: An n–log(n)
method for ewald sums in large systems. J. Chem. Phys., 98(12):10089–
10092, 1993.

[12] U. Essmann, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, and L.G.
Pedersen. A smooth particle mesh ewald method. J. Chem. Phys.,
103(19):8577–8593, 1995.

[13] C. Oostenbrink, A. Villa, A.E. Mark, and W.F. van Gunsteren. A
biomolecular force field based on the free enthalpy of hydration and sol-
vation: The gromos force-field parameter sets 53a5 and 53a6. J. Comput.
Chem., 25:1656–1676, 2004.

[14] C. Oostenbrink, A. Villa, A.E. Mark, and W.F. van Gunsteren. A
biomolecular force field based on the free enthalpy of hydration and solva-
tion: The GROMOS force-field parameter sets 53A5 and 53A6. J. Com-
put. Chem., 25:1656–1676, 2004.

[15] C. Oostenbrink, T.A. Soares, N.F.A. van der Vegt, and W.F. van Gun-
steren. Validation of the 53a6 gromos force field. Eur. Biophys. J.,
34:273–284, 2005.

[16] M. Mondello, H.-J. Yang, H. Furuya, and R.-J. Roe. Molecular dynam-
ics simulation of atactic polystyrene. 1. comparison with x-ray scattering
data. Macromolecules, 27(13):3566 – 3574, 1994.

[17] F. Müller-Plathe. Local structure and dynamics in solvent-swollen poly-
mers. Macromolecules, 29(13):4782–4791, 1996.

[18] A.V. Lyulin and M.A.J. Michels. Molecular dynamics simulation of bulk
atactic polystyrene in the vicinity of Tg. Macromolecules, 35(4):1463–
1472, 2002.

[19] V.A. Harmandaris, N.P. Adhikari, N.F.A. van der Vegt, and K. Kremer.
Hierarchical modeling of polystyrene: From atomistic to coarse-grained
simulations. Macromolecules, 39(19):6708–6719, 2006.

[20] D. Hudzinskyy, A.V. Lyulin, A.R.C. Baljon, N.K. Balabaev, and M.A.J.
Michels. Effects of strong confinement on the glass-transition tempera-
ture in simulated atactic polystyrene films. Macromolecules, 44(7):2299
– 2310, 2011.



BIBLIOGRAPHY 105

[21] D. van der Spoel, E. Lindahl, B. Hess, A.R. van Buuren, E. Apol, P.J.
Meuelnhoff, D.B. Tieleman, A.L.T.M. Sijbers, K.A. Feenstra, R. van
Drunen, and H.J.C. Berendsen. Gromacs user manual version 3.3.
www.gromacs.org, 2005.

[22] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, and
J.R. Haak. Molecular dynamics with coupling to an external bath. J.
Chem. Phys., 81(8):3684–3690, 1984.

[23] G. Bussi, D. Donadio, and M. Parrinello. Canonical sampling through
velocity rescaling. J. Chem. Phys., 126(1):014101, 2007.

[24] A.R.C. Baljon, S. Williams, N.K. Balabaev, F. Paans, D. Hudzinskyy, and
A.V. Lyulin. Simulated glass transition in free-standing thin polystyrene
films. J. Polym. Sci. Part B Polym. Phys., 48(11):1160–1167, 2010.

[25] S.A. Muntean, M. Kemper, L.J. van IJzendoorn, and A.V. Lyulin. Rough-
ness and ordering at the interface of oxidized polystyrene and water.
Langmuir, 27(14):8678 – 8686, 2011.

[26] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, and J. Hermans.
Interaction models for water in relation to protein hydration. Intermolec-
ular Forces, pages 331 – 342, 1981.

[27] H.J.C. Berendsen, J.R. Grigera, and T.P. Straatsma. The missing term in
effective pair potentials. J. Chem. Phys., 91(24):6269–6271, 1987.

[28] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. Impey, and M.L.
Klein. Comparison of simple potential functions for simulating liquid
water. J. Chem. Phys., 79(2):926–935, 1983.

[29] M.W. Mahoney and W.L. Jorgensen. A five-site model for liquid water
and the reproduction of the density anomaly by rigid, nonpolarizable po-
tential functions. J. Chem. Phys., 112(20):8910–8922, 2000.

[30] K.A. Henzler-Wildman, M. Lei, V. Thai, S. Jordan Kerns, M. Karplus,
and D. Kern. A hierarchy of timescales in protein dynamics is linked to
enzyme catalysis. Nature, 450(7171):913–916, 2007.

[31] J.C. Kendrew, G. Bodo, H.M. Dintzis, R.G. Parrish, and H. Wyckoff. A
three-dimensional model of the myoglobin molecule obtained by x-ray
analysis. Nature, 181:662 – 666, mar 1958.



106 BIBLIOGRAPHY

[32] H.C. Watson and J.C. Kendrew. Comparison between the amino-acid se-
quences of sperm whale myoglobin and of human hæmoglobin. Nature,
190:670–672, may 1961.

[33] Nobelprize.org. The nobel prize in chemistry 1962.
http://www.nobelprize.org/nobel prizes/chemistry/laureates/1962/.

[34] Protein Data Bank, http://www.pdb.org/, 2009.

[35] H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H. Weissig,
I.N. Shindyalov, and P.E. Bourne. The protein data bank. Nucleic Acids
Res., 28(1):235–242, 2000.

[36] S.R. Hubbard, W.A. Hendrickson, D.G. Lambright, and S.G. Boxer. X-
ray crystal structure of a recombinant human myoglobin mutant at 2.8
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SUMMARY

Molecular-dynamics simulations of polymeric surfaces for
biomedical applications

In-vitro diagnostics plays a very important role in the present healthcare sys-
tem. It consists of a large variety of medical devices designed to diagnose a
medical condition by measuring a target molecule in a sample, such as blood
or urine. In vitro is the latin term for in glass and refers here to the fact that
the samples are investigated outside the living organism. The range of target
molecules is very broad, spanning from salts to small molecules, proteins, nu-
cleic acids and cells. An important segment in this range is the measurement
of macromolecules, such as biomarker proteins or nucleic acids, in biological
samples.

Biosensors are compact systems for rapid detection of biological molecules.
The first commercial biosensor was introduced in 1975 for glucose analysis by
the Yellow Springs Instrument Company, based on the pioneering work of Clark
and Lyons. Since that time, biosensors are becoming more integrated, more sen-
sitive, smaller, faster and cheaper and are becoming available for more and more
classes of biomarkers. The immunoassays can be performed nowadays in de-
vices with very different formats, from the high-throughput parallel analysis on
well-plates to integrated point-of-care biosensors using lab-on-a-chip technol-
ogy. The solid phase in these devices is very often a polymeric glass. Polymeric
glasses, such as polystyrene, are easy to process and can be produced at low
costs, which makes them suitable for disposable cartridges in lab-on-a-chip de-
vices.

An important process in the immunoassays is the physisorption of the macro-
molecules to the polymeric solid phase, such as the non-specific binding of
molecules from the biological sample onto the polymeric carrier. This process
plays a very important role in the limit of detection, which is given by specific
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binding (signal) over non-specific binding (background). Therefore, the under-
standing of the non-specific binding of macromolecules to polymeric surfaces is
crucial for the improvement of the sensitivity in these devices.

The scope of this thesis is to gain fundamental knowledge on the physisorp-
tion of proteins onto polymeric surfaces and to understand how to model this
process in atomistic details. The goal of this work is to model the interaction
between myoglobin and polystyrene surfaces, within a clean buffer.

Computer simulations provide detailed informations about the nature of the
non-specific interactions between the biomolecule and the polymeric substrate,
at molecular and atomic scales. The high level of detail obtained from simula-
tions on a smaller scale is complementary to the experimental results obtained at
a larger scale.

The polymeric substrate is in our case modeled by an atactic amorphous
polystyrene thin film. We would like to explore the possibility of changing
the properties of the polymeric substrate, to prevent non-specific interaction, by
chemical modification induced by oxidation. Pure polystyrene is a hydrophobic
material. We tune the hydrophilicity of its surface by adding oxygen atoms to
the phenyl rings of the polystyrene chain. This addition of oxygen is a way to
mimic the oxidation of polystyrene surfaces that is performed in experiments.

We represent the buffer solution in simulations by explicit water molecules
described at atomistic level, to which we add Na+ and Cl- ions to reproduce the
salt concentration in the experimentally used buffer solution.

We chose myoglobin as model biomolecule because it is a relatively small
globular protein, well studied in the past and represents a good candidate for
practical applications.

The first question we intend to answer is to which extent the model used
to represent the polystyrene chains is important for the macroscopic proper-
ties of the polystyrene films and in particular to their interaction with the water
molecules. To tackle this issue, we chose two representations of the polystyrene
chains: the united atoms representations on one hand, in which only the heavy
atoms are modeled explicitly and the hydrogen atoms are collapsed on the carbon
atoms to which they are covalently bonded, and the dummy-hydrogens atoms
representation on the other hand, in which the hydrogen atoms are modeled as
interaction sites with no mass and with a positive partial electrical charge. The
results of these simulations are presented in Chapter 3.

We begin our systematic study on the interacting species in a biomedical de-
vice by characterizing the atactic amorphous polystyrene substrate. In Chapter
4 we present the results of molecular-dynamics simulations of polystyrene sur-
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faces with controlled degree of oxidation. The variations in degree of oxidation
at the surface, ranging from 0% to 24%, correspond to different degrees of hy-
drophilicity of the polystyrene surface, from hydrophobic to hydrophilic. We
study the influence of the oxidation on the roughness of the film, both in vacuum
and in water environment. We compare our results with experimental results
from AFM measurements obtained by our collaborators. We also analyze the
ordering of the molecular segments in non-oxidized and oxidized polystyrene at
the interface with vacuum and with water. The structure of the water interface
near polystyrene surfaces with different hydrophilicity is analyzed as well.

Since the interaction between proteins and polymeric surfaces is a water-
mediated process, it is very important to know how water behaves near these
surfaces. In Chapter 5 we discuss the dynamics of water near non-oxidized
(hydrophobic) and oxidized (hydrophilic) polystyrene surfaces, both in united-
atoms and dummy-hydrogen atoms representations. We discuss the orientational
dynamics of water molecules and its dependence on the distance from the in-
terface. Furthermore, the translational diffusion of water molecules is briefly
discussed.

In Chapter 6 we study the nature of non-specific adsorption of myoglobin, as
model protein, to hydrophobic and hydrophilic polystyrene surfaces. We investi-
gate the importance of the orientation of the protein in the process of adsorption.
We also discuss the influence of the hydrophilicity of the surface on the strength
of adsorption of the protein.

We conclude this thesis by Chapter 7, in which our main results are summa-
rized. In addition, we give there an outlook on further interesting questions.
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