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The control of biofilm formation is a challenging goal that has not been reached yet
in many aspects. One unsolved question is the role of van der Waals forces and
another is the importance of mutual interactions between the adsorbing and the
adsorbed biomolecules �“critical crowding”�. In this study, a combined experimen-
tal and theoretical approach is presented, which fundamentally probes both aspects.
On three model proteins—lysozyme, �-amylase, and bovine serum albumin—the
adsorption kinetics is studied experimentally. Composite substrates are used en-
abling a separation of the short- and the long-range forces. Although usually ne-
glected, experimental evidence is given for the influence of van der Waals forces on
the protein adsorption as revealed by in situ ellipsometry. The three proteins were
chosen for their different conformational stabilities in order to investigate the in-
fluence of conformational changes on the adsorption kinetics. Monte Carlo simu-
lations are used to develop a model for these experimental results by assuming an
internal degree of freedom to represent conformational changes. The simulations
also provide data on the distribution of adsorption sites. By in situ atomic force
microscopy we can also test this distribution experimentally, which opens the pos-
sibility to, e.g., investigate the interactions between adsorbed proteins. © 2010
American Institute of Physics. �doi:10.1063/1.3488672�

I. INTRODUCTION

Proteins are found to be involved in interactions with solid surfaces in numerous processes.
Due to protein adsorption and subsequent bacterial adherence, biofilms are formed at interfaces
between solid substrates and liquids containing biomacromolecules. Biofilm formation, as well as
protein adsorption, is a molecular assembly process occurring at interfaces.1 Moreover, these
processes are collective phenomena since surface coverage, adsorption kinetics, conformational
arrangement, etc., are depending on the nature of the molecular neighborhood. The lack of effec-
tive control over this process has become a bottleneck impeding the development of many bio-
technologies, examples including biosensors, enzyme immobilization in biocatalysis, antibody
attachment in immunoassays, biomaterial development, and tissue engineering. During the past
decades, substantial progress has been made in understanding some mechanisms of protein
adsorption.2–6 Adsorption is the net result of various types of interactions, which depend on the
nature of the protein and of the substrate, as well as on the surrounding aqueous solution. Several
driving forces have been identified for the protein adsorption process, including dehydration of the
protein and the substrate surface, redistribution of charged groups in the interfacial film, and
structural rearrangements in the biomolecules. Regarding the role of substrate characteristics, both
surface topography and surface chemistry have been shown to affect protein adsorption, bacteria,
and cell adhesion.2,7 However, since most topographical variations are accompanied by chemical
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heterogeneities, separating both effects is difficult. Furthermore a differentiation between the
impacts of short- and long-range forces has recently been probed,8,9 which can be considered as
one step toward gaining control of biofilm formation. It is the aim of this paper to compile the
results in order to stress that the subsurface composition is a parameter of utmost importance.

A. Experimental characterization of protein adsorption

The separation of short- and long-range interactions is possible using composite samples: By
variation of the silicon oxide thickness on top of Si wafers, the van der Waals interactions can be
tuned,10–13 as described in Sec. II. The adsorption kinetics of bovine serum albumin �BSA� and
�-amylase are sensitive to these variations of the long-range potential. Note that the van der Waals
interactions depend on the geometry of the interacting objects:14 For two atoms, the van der Waals
potential decreases like 1 /r6, where r denotes the distance. However, for a spherical particle
interacting with a planar surface, the decrease of the potential is much slower, i.e., 1 /r. Hence, the
strength of the van der Waals interactions cannot be neglected.

Studies concentrating on the kinetic behavior during adsorption, desorption, and exchange
processes revealed that there is a certain hierarchy or intermolecular arrangement of proteins in the
adsorption layers �e.g., Ref. 15�. Additionally, reconfiguration or reorientation of the adsorbed
protein can take place.16,17 However, further information is needed to describe the structure of the
adsorption layer in detail. A manifold of proteins have actually been detected to undergo confor-
mational changes or reorientations when adsorbed on a variety of hydrophilic, hydrophobic,
charged, and uncharged surfaces �e.g., Refs. 6 and 17–19�. These conformational changes and
reorientations were interpreted to be a result of mutual interactions between the adsorbed protein
molecules �“critical crowding”�, as well as interactions between proteins and surfaces. Hence,
monitoring the conformational changes in an adsorbed protein as a function of the adsorption
amount and time should be useful for obtaining information about the intermolecular interactions
in the adsorption layer.

The direct detection of conformational changes is a challenging task. Most methods are
restricted to indirect observations. Monitoring the adsorption kinetics, a different kinetic behavior
is found for the “rigid” lysozyme20 as compared to the adsorption kinetics of �-amylase and
BSA.8,9 BSA is well-known as a “soft” protein.20–23 This difference in the adsorption kinetics is
therefore ascribed to dissimilar tendencies to undergo conformational changes due to adsorption.
Monte Carlo simulations including an internal degree of freedom to incorporate conformational
changes qualitatively reproduce the experimental findings �see Sec. V B�.

Most methods, such as ellipsometry or scattering techniques, provide information obtained by
averaging over some �m2. Therefore, these methods cannot provide explicit information about
single proteins involved in the adsorption process. A technique that overcomes some of these
shortcomings is atomic force microscopy �AFM�. By in situ AFM in aqueous environment, the
spatial distribution of individual adsorbed proteins can be determined in their natural environment
�see Sec. III B�. This method can therefore give new insights into the evolution of protein films.
The surface mobility of the single proteins can be tested as well as their tendency to form clusters
or to adsorb rather independent from each other, as described in the scenario of random sequential
adsorption �RSA�, which is presented later in this c.f. Sec. V C .

B. Theoretical modeling of biofilm adsorption

The numerical investigation of biofilm adsorption is a challenging task since the number of
degrees of freedom is huge if the detailed structure of the proteins is taken into account. In
addition to this, proteins undergo structural changes at the surfaces, which imply that the relax-
ation time for the adsorption of a single protein at the surface is out of scope for present simulation
approaches. Therefore, a drastic reduction of the number of degrees of freedom is mandatory in
order to simulate the adsorption of a protein film. In this section, we will briefly discuss the
potentials and limitations of different numerical approaches to protein dynamics.
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The most fundamental methods are based on explicit quantum mechanical calculations. In-
corporating the distribution of electrons, they are able to predict the forming of atomic bonds,
which is indispensable for studying chemical reactions of proteins �see Ref. 24 for an overview�.
Ab initio methods approximately solve Schrödinger’s equation. Being able to provide very accu-
rate results, the calculations are very time-consuming. To date, only a two-digit number of atoms
can be simulated using this ab initio approach.25,26 Therefore, procedures have been
developed27–31 simplifying the unessential parts of the system using a semi-empirical approach
while describing the important parts using quantum mechanical methods.27–31 In these cases, the
solvent is partly implicit.

Much larger systems can be considered by using fragment methods. Retaining the accuracy,32

these divide the whole system into several subunits which can be processed individually enabling
the use of parallel computers.33–41 Yet, due to the limitation of the system size and time scale, they
cannot be used to study protein adsorption involving conformational changes.

To overcome these limitations, quantum effects are often neglected. This is also the case for
so-called full atomistic molecular dynamics simulations, where atoms are the smallest building
blocks. Using these classical approaches, the simulation of peptides and small proteins becomes
feasible. This includes forecasts of structural changes of single proteins and forecasts of possible
transition paths between two states.42,43 It also includes the simulation of simple changes of
conformation �involving, e.g., only loop motions� and takes place on a nanosecond time scale.
However, large changes—involving the rearrangement of entire domains—typically occur on the
microsecond to millisecond time scale44 and are still not accessible using an atomistic level of
detail and are requiring other methods:

The time evolution of a system can be obtained via molecular dynamics �MD�, Brownian
dynamics, or local Monte Carlo �MC� simulations, but the latter two have a limited ability of
simulating the solvent, as they can only do it implicitly. Often this is done in MD, too, as means
of speeding up a simulation, retaining the atomistic precision of the protein model. Whether or not
this is reasonable for the simulation of protein folding or adsorption is an open question.45–48

Further simplification is achieved by combining multiple atoms to a single pseudoatom. This
coarse-grained system needs to be described using modified force fields or interaction energies,
respectively.49 For a fixed system size, the accessible time scales are two to three orders of
magnitude higher than for a full all-atom description50 so that, in principle, they allow the simu-
lation of large proteins. So far, however, the currently available generic force fields do not support
structural changes in the tertiary structure.50 Therefore, reliable simulations can be obtained only
if the structure of the protein is maintained. An overview of those so-called united atom or
coarse-graining methods is given in Refs. 51 and 52.

Classical MD methods are based on the integration of Newton’s equations. The numerical
effort is very high, typical time scales are from 10 ns �Ref. 53� up to some 10 �s,45,48 depending
on the system size, the hardware being used, and the accuracy �ex- or implicit water� of the
calculations. The range of applications for full atomistic, as well as coarse-grained MD simula-
tions, indicates that these approaches cannot be used in order to simulate the adsorption of a full
biofilm.

Monte Carlo simulations provide a complementary approach: Instead of integrating the classic
equations of motion, one performs a stochastic motion in the configuration space. At first sight,
this method appears not to be appropriate since no direct information about the particle’s dynamics
is available. The comparison of local MC and MD methods for complex fluids has shown, how-
ever, that both methods lead to similar results: While naturally, the short-time kinetics is different,
the long-time kinetics is insensitive to the microscopic dynamics.54 Yet, today’s researchers tend to
prefer the usage of MD simulations as a workhorse when generating the time evolution at atom-
istic level.

In order to establish the equilibrium states of complex molecules, the transition path sampling
method has been applied also.42,55,56 The basic idea of this method is to sample transition paths
between two configurations of the many-particle system by molecular dynamics or Monte Carlo
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methods. Unfortunately, for this method, the initial and the final states have to be known before-
hand and have to be established by complementary methods.5,57

Coarsening the system under consideration even more, colloidal length scales of a few na-
nometers are reached. This results in a substantial increase of both spatial and temporal time
scales, the latter up to the order of seconds to hours, depending on the level of complexity. In this
context, the solvent is only implicitly taken into account and proteins are typically modeled as
particles of high symmetry, e.g., spheres or ellipsoids, allowing many thousands of proteins to be
considered. The downside is the neglect of all their structural details including the distribution of
charges and other details of the interactions, which are relevant for very short distances. This is,
however, a necessary compromise in order to reach time scales that are experimentally relevant for
the adsorption of a protein-biofilm.

A simple but very efficient approach to characterize protein adsorption is the so-called random
sequential adsorption �RSA� model, which typically is a 2D model describing the parking problem
omitting the particle’s trajectory to the surface. A lot of variations of this simulation method
exist,58–66 yet, the comparison to experiments is limited, as only a small number of experimental
parameters are realizable and the particle’s trajectory to the surface is not accounted for.

II. MATERIALS

The proteins �-amylase �Product No. 10092�, lysozyme �Product No. 62971�, and bovine
serum albumin �Product No. A3059� were purchased from Sigma Aldrich, Steinheim, Germany.
BSA �66 kDa� �Ref. 67� and �-amylase �58 kDa� �Ref. 68� have about the same size but different
isoelectric points �pI� at pH 4.7 �Ref. 69� and pH 6.5 �Ref. 68�, respectively. For BSA, the ability
of showing different conformations at different pH values is well-known.20–23 Lysozyme has a
mass70 of 14 kDa and its isoelectric point71 is at pH 11.

As substrates for ellipsometry measurements, silicon wafers with different silicon dioxide
thicknesses were used: native �2 nm, Wacker Siltronic AG, Burghausen, Germany� and thermally
grown �192 nm, Silchem, Freiberg, Germany� dioxide layers, denoted as thin and thick oxide
layers in the following. Before usage, the wafers must be cleaned to remove residues from the
polishing procedure �mostly hydrocarbons�. Therefore, the wafers were immersed into fresh 1:1
H2SO4�conc.� /H2O2�30%� solution for 30 min. Then, the acids were removed by three times
rinsing the wafers in hot ultrapure water �Millipore, Billerica, MA, USA�, 20 min each. All
samples were prepared in a clean room environment �class 100�, resulting in a water contact angle
of 0° directly after cleaning. Upon usage, the silicon wafers showed advancing water contact
angles of less than 10° �see Table I for details� and are therefore termed “hydrophilic.” To gain a
second set of wafers with a “hydrophobic” surface ���90°�, a self-assembled monolayer �SAM�
of silane molecules with a CH3 tailgroup �octadecyl-trichlorosilane �OTS�, Sigma Aldrich, Ger-
many� was applied to the wafers following standard procedures.72,73 The water contact angles on
hydrophobized wafers were larger than 110° �Table I� with a hysteresis smaller than 5°. �The
contact angle hysteresis describes the difference between advancing �a and receding �r contact
angles.� By additionally measuring the contact angles for glycerol and 1-bromonathalene, the
surface energies as well as the Lifshitz–van der Waals and the Lewis acid-base components can be
determined,74 as listed in Table II.

TABLE I. Silicon wafer characterization results.

d �SiO�
�nm� Hydro-

rms
�nm�

�a
water

�deg� �r
water

�a
glycerol

�deg�
�a

1-bromonaph

�deg�

2.0�1� philic 0.09�2� 5�2� Complete wetting 11�3� 13�4�
192�1� philic 0.13�3� 7�2� Complete wetting 17�3� 15�3�
2.0�1� phobic 0.12�2� 111�1� 107�1�° 95�2� 62�4�
192�1� phobic 0.15�2� 112�1� 108�2�° 92�2� 63�3�
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Zeta-���-potential measurements75 on wafers with thin and thick oxide layers—with and with-
out the OTS monolayer—were performed for pH values ranging from 2.0 to 7.5, see Fig. 1.
Obviously, the hydrophilic surfaces carry a higher negative charge than the hydrophobic wafers.
The oxide layer thickness, however, does not play any role and zeta potential values are identical
within the experimental error.

The thicknesses of the silicon oxide and OTS layer were determined by ellipsometry, reveal-
ing an oxide thickness of 2 nm for the thin and 192 nm for the thick oxide layers. The thickness
of the OTS-SAM is found to be 2.6 nm. The surface roughnesses of the four wafer types were
determined by AFM. The measured root mean square �rms� roughness of an �1 �m�2 scan area
was below 0.2 nm for all wafer types �see Table I for details�.

Keeping all other parameters �pH, ionic strength, temperature, and protein concentration�
constant, the four wafer types allow for the separation of effects due to the long- and short-range
parts of the surface potential:10–13 Hydrophobization by the OTS-SAM alters the short-range part
as can be seen in the contact angle and the �-potential. For a substantial alteration of the long-
ranged van der Waals potential, the OTS-SAM is too thin. The variation of the oxide layer
thickness, however, does not have an influence on the short-range potential since the surface
chemistry is identical. Hence, contact angle as well as �-potential measurements deliver identical
results on thin or thick oxide layers. Vice versa, choosing different subsurface wafer compositions

TABLE II. Surface energy � and their Lifshitz–van der Waals �LW and
Lewis acid-base �AB components of the substrates, as determined by contact
angle measurements, the results of which are listed in Table I.

d �SiO�
�nm� Hydro-

�
�mJ /m2�

�LW

�mJ /m2�
�AB

�mJ /m2�

2.0�1� philic 64.2 43.5 20.7
192�1� philic 63.2 43.1 20.1
2.0�1� phobic 24.1 24.1 0.0
192�1� phobic 23.6 23.6 0.0

FIG. 1. �-potential of hydrophobic and hydrophilic silicon wafers with thin and thick oxide thickness as functions of pH.
For the �-potential, differences in oxide layer thickness are irrelevant. Note that adsorption experiments in this study have
been performed at pH 7.0 and 4.75 �vertical dashed lines� �in cooperation with Zimmermann, TU Dresden�.
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�in our case thin and thick oxide layers� enables an independent variation of the long-range part,
i.e., the van der Waals interaction to probe its influence on the formation of protein films.

The above described four types of Si wafers were used for probing protein film formation by
ellipsometry. For the in situ AFM experiments, mica was chosen as a substrate. When freshly
cleaved, mica exhibits an atomically smooth hydrophilic surface. Therefore, mica is frequently
used for protein adsorption studies by AFM.76–81

III. EXPERIMENTS

A. Adsorption studies by ellipsometry

Ellipsometry was used to determine the adsorbed amount of proteins by in situ monitoring the
adsorption process. The multiwavelength laser ellipsometer �EP3, Nanofilm, Göttingen, Germany�
was operated in polarizator-compensator-sample-analyzer configuration at a wavelength of 532
nm. The ellipsometric angles � and 	 were recorded via the nulling ellipsometry principle82 with
a sampling rate of 1.5–6/min. This rate was sufficient to monitor the formation of protein layers in
situ.

To determine the physical properties of the reflecting surface from � and 	, a model has to be
applied.83 For single wavelength measurements, one has to assume the layers to have a constant
height in order to be able to determine the refractive index and thickness of all layers. For layers
with a thickness below 5 nm, it is not possible to distinguish between a change in refractive index
and in film thickness.82 Therefore, de Feijter’s method84 is applied to determine the adsorbed
amount 
 as a function of the refractive index nf of the protein film with a fixed film thickness df,


 = df
nf − na

dn/dc
, �1�

where na denotes the refractive index of the ambient and dn /dc is the increment of the refractive
index of the solution due to the increase of molecule concentration. The refractive index n�c� is
assumed to be a linear function84,85 with a fixed gradient of 0.183 cm3 /g.84,85

The measurements were carried out in a temperature controlled closed fluid cell made of
Teflon. A connection to a flow system enables a continuous exchange of fluid with constant flow
rates and the injection of protein solution via a sample injector �rheodyne manual sample injector,
IDEX Corporation, Northbrook, USA�.

The proteins were dissolved in a 10 mM phosphate buffer solution �pH 7.0 and ionic strength
of 20 mM�. The fluid system was filled with the same buffer and the buffer was run through the
fluid cell at a constant flow rate. After reaching a thermal equilibrium �either at 37 °C or at room
temperature� associated with a constant baseline, the adsorption measurement was started by
injecting the protein.

B. In situ AFM imaging

AFM was used to image the surface topography of the substrate as well as the adsorbed
proteins in situ. For the first experiments, mica was used as substrate due to its simple handling
and its smooth surface. The measurements were performed in noncontact mode to minimize the
influence of the scanning tip on the proteins. A triangular cantilever �OTR 8 or SNL, Veeco, Santa
Barbara� was oscillated at a frequency of about 9 kHz. The scanning rate was between 0.5 and 1.5
scan lines/s depending on the scanning size �ranging from �0.5 �m�2 to �3 �m�2�. The lateral
resolution of the scans was either 256 or 512 pixels per line. The measurements were carried out
in a closed fluid cell �model MTFML, TappingMode™ Fluid Cell, Veeco, Santa Barbara� using a
MultiMode �Nanoscope III, Veeco, Santa Barbara�. The cell was connected to a flow system �same
setup as in ellipsometry measurements� to allow for the exchange of buffer and protein solution.
Experiments were performed at room temperature.
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The mica was mounted in the fluid cell directly after cleavage and consequently exposed to
acetate buffer of pH 4.75 at a concentration of 10 mM and ionic strength of 8 mM. A control scan
of the mica surface was taken before exposing the surface to protein solution. At intervals of 5–10
min, the flow was stopped and topographic scans of the surface were taken �see Fig. 11�. By in situ
scanning, we avoid artifacts arising from the use of linker molecules, such as glutaraldehyde,
which typically lead to networklike structures �Fig. 10�c�� or drying. Both procedures are fre-
quently used in most AFM studies on protein adsorption to enable scanning in air.9,78,80,81,86

Possible scan damage was checked by repeated scanning of the identical site at lower magnifica-
tion and scanning parameters were chosen very carefully to avoid scan artifacts.87–90 Under the
experimental conditions mentioned above �pH, ionic strength, and noncontact mode scanning�, no
influence of scanning on the distribution of the adsorbed proteins was observed. However, increas-
ing the ionic strength of the solution leads to significant disturbance of the protein pattern upon
scanning.

IV. SIMULATIONS

Using local Monte Carlo simulations, it is easily possible to include internal degrees of
freedom into the model. We use such an internal degree of freedom to model a reversible change
of conformation of a protein from a compact to an expanded state on adsorption to the surface, as
shown in Fig. 2. The expanded state optimizes the surface interaction at the expense of the
particle/particle interaction whereas the compact state minimizes the covered surface.

The thermodynamic process of adsorption is governed by an interplay of short- and long-
range interactions, as described in the Derjaguin–Landau–Verwey–Overbeek �DLVO� theory.91,92

The DLVO theory considers van der Waals and Coulomb contributions �long range� as well as
steric interactions �short range�. Within this framework, the potential energy Upp of two particles
with radii R1 and R2 and a distance h between their surfaces can be written as

Upp�h� = Upp
vdW�h� + Upp

el �h� + Upp
steric�h� �total interaction� ,

Upp
vdW�h� = −

App

6 � 2R1R2

h�h + 2R̂�
+

2R1R2

h�h + 2R̂�
+ ln

h�h + 2R̂�

h�h + 2R̂�
� �van der Waals interaction� ,

Upp
el �h� = − 4���0

� kBT

e
	2


 j=1,2
Rj

�p�Rj� + 4� j j�Rj

1 +  j�Rj

h + R1 + R2
exp�− �h� �electrostatic interaction� ,

C
E

PCE

PEC

(a) side view (b) top view

a
Y⋅a

C E
a

Y⋅a

⋅aY*

FIG. 2. Schematics of a conformational change from a compact to an expanded state and vice versa using probabilities
given by the Metropolis algorithm. In the expanded state, the particle has the shape of the ellipsoid with long axes of the
length Y2a and a short axis with a length of Y�2a=2a /Y2.
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Upp
steric�h� =

F

hg �steric interaction� .

Here, R̂=R1+R2, � j =tanh��p�Rj� /4�, and  j = ��p�Rj�−4� j� /2� j
3; all other parameters can be

found in Table III.
To obtain the radius-dependent surface potential �p of a sphere with radius Rj from a given

charge �p, the following implicit equation has to be solved:

�p = �p�1 + ��Rj�−1� − �Rj

�1
2

�2 − �Rj�1
,

where

�1 = 2 sinh
�p

2
− �p

and

�2 = 4 tanh
�p

4
− �p.

The potential energy of a particle with radius R near a silicon wafer with oxide layer is
derived from the formulas for two particles as

TABLE III. Model parameters.

Parameter Symbol Default value

Compact particle radius a 5 nm
Temperature T 360.15 K

System parameters �lengths are normalized to a�
Simulation volume Lx, Ly 80

Lz,1, Lz,2 10
Mean translation step size � 0.1
Cutoff distance rC 5
Chemical potential � �91.5
de Broglie wavelength � 4.43�10−13

Interaction parameters
Hamaker constants App 4.66

Aps 2.33
Aps

l �3.50
Thickness of oxide layer H 1.0
Particle charge �p 14
Surface potential �s �3.734
Inverse Debye length �a 1.59
Relative permittivity � 80.0
Exponent of steric repulsion g 6

Internal degree of freedom
Scaling of long axes of ellipsoid Y 1.5
Scaling of short axis of ellipsoid Y� 1 /Y2

Selection probability for conformational change P 10−2

Maximum distance to surface z� 1.1
Surface potential �s

1 0.212
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Ups�h� = Ups
vdW�h� + Ups

el �h� + Ups
steric�h� �total� ,

Ups
vdW�h� = −

1

6
�Aps

h
+

Aps
l

h + H
� �vdW� ,

Ups
el �h� = − 4���0� kBT

e
	2�R

�p�R� + 4��R

1 + �R
	�4 tanh��s

4
		exp�− �h� �electric� ,

Ups
steric�h� = �0 h � 0.02

� h � 0.02
� �steric� .

The conformational change between normal and expanded states of the particle is modeled as a
change of geometry, entering in the equations only via the different radii of the particle states. The
change from normal to expanded state is anisotropic, giving rise to two different radii for the
interactions. Due to the oblate geometry, the effective radius for the interaction with the surface is
increased by a factor Y, whereas for neighboring particles, the radius for the interaction is de-
creased to a /Y2=aY� �cf. Fig. 2�. Since the change of conformation does not change the volume
of the particle, Y� depends on Y. Therefore, Y can be regarded as the degree of deformation of an
expanded particle with Y =1 obviously denoting no deformation.

The parameters �cf. Table III� are chosen in accordance with experimentally known param-
eters to mimic amylase adsorbing to silicon wafers. However, due to the simplicity of the protein
model, many results are at least on a qualitative level also valid for other types of proteins.

The acceptance probability of a newly proposed state is given by the Metropolis algorithm,

pA = min�1,exp�−
	E

kBT
	� ,

where 	E is given as an energy difference between the newly proposed state and the old state.
Using this probability ensures the convergence to the equilibrium.

The size of the simulation box is small compared to the volume of the experimental fluid cell.
Applying a canonical ensemble for the whole simulation box, the drift of the protein concentration
in the solvent would be largely overestimated. Therefore it was necessary to use two subvolumes
�cf. Fig. 3� with height Lz,1 and Lz,2. The upper part mimics an infinite reservoir of particles using

��

������	�


��
�
�

��
�
�

�

�

�

�

�
�

�

�

�

�

�

FIG. 3. Simulation box.
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a grand canonical ensemble with chemical potential �, whereas the lower part being in contact
with the surface had to be simulated using a constant number of particles, which was only changed
by particles entering or leaving the box by means of diffusion.

V. RESULTS AND DISCUSSION

A. Adsorption kinetics

The adsorption kinetics of lysozyme and �-amylase are shown in Fig. 4. They display a
typical feature of adsorption kinetics: After a fast initial adsorption, the adsorption rate decreases
until a plateau value of the adsorbed amount is reached. This final adsorbed amount depends
mostly on the chemistry of the surface.

The adsorbed amount of lysozyme is higher on hydrophilic samples than on hydrophobic
ones. This can be explained by considering the positive net charge70 of lysozyme �+8e� at pH 7
as well as the negative charge of the silicon wafers. The hydrophilic wafers ��103 mV� carry a
higher negative charge than the hydrophobic ones ��75 mV�, see Fig. 1. Thus, a stronger attrac-
tive Coulomb interaction promotes the adsorption of lysozyme on hydrophilic wafers.

In the case of �-amylase, the adsorbed amount is higher on hydrophobic wafers than on
hydrophilic ones due to the hydrophobic effect:93 The higher attraction toward the surface origi-
nates from minimizing the contact of water with hydrophobic side groups of the protein and with
the hydrophobic surface. As the pH of the solution is close to the isoelectric point of �-amylase
�pI 6.9�, the protein carries no net charge. Therefore, the Coulomb interaction just plays a minor
role for adsorption affinity.

Comparing the results of different experimental series, however, the final adsorbed amount
varies due to slightly different experimental conditions by about 0.1 mg /m2. Therefore, no sys-
tematics can be deduced by comparing the final adsorbed amount on thin and thick silicon oxide
wafers, yet the shape of the curve is reproduced.

Focusing on the curve shape of all kinetics of Fig. 4, the data for amylase on Si wafers with
thin SiO2 �Fig. 4�b�, solid black circles and solid red triangles� deviate from the others as they
exhibit a clear linear regime with a constant adsorption rate.8,9 In the following, we call this shape
“non-Langmuir-like,” in contrast to the curves with a monotonically decreasing adsorption rate,
which we term “Langmuir-like” �disregarding possible deviations from a simple Langmuir
model3�. For lysozyme, Fig. 4�a�, the initial adsorption is too fast to allow for an observation of a
possible linear regime with the present experimental setup.

Our hypothesis for the interpretation of the different curve shapes �Langmuir- and non-
Langmuir-like� is that proteins with the ability to undergo major conformational �or geometrical�
changes are able to react stronger if subject to different surface potentials as compared to rigid
proteins. Changes of conformation due to adsorption are frequently described in literature.20 As

FIG. 4. Adsorption kinetics of �a� lysozyme and �b� amylase on the four different types of surfaces. Experiments are
carried out in a 10 mM phosphate buffer of pH 7 at 37 °C.
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compared to the small and compact lysozyme, �-amylase can be described as a soft protein.3

Therefore, major conformational changes are more likely for �-amylase than for lysozyme.
To test the hypothesis described above, we used BSA as the third protein in this study, for its

well-known ability to change conformation,20–23 e.g., due to changes of the pH of the surrounding
solution. As shown in Fig. 5, BSA exhibits two different kinds of adsorption kinetics depending on
the thickness of the silicon oxide layer: Langmuir-like adsorption on thick oxide layer and non-
Langmuir-like on thin oxide layer,9 a similar tendency as recorded for �-amylase. When decreas-
ing the temperature from physiological 37 °C to room temperature, the regime of constant ad-
sorption rate is elongated. The initial adsorption, however, is only slightly slowed down. Although
BSA carries a negative net charge at pH 7 �in contrast to �-amylase�, it displays the same two
types of adsorption kinetics as �-amylase. Repeating the experiments with acetate buffer at the pI
of BSA �pH 4.75� reveals the same results �not shown here�. Therefore, this effect cannot be
explained by charge effects and Coulomb interactions. The appearance of a linear regime must
rather depend on the variation of the long-range part of the interaction potential, i.e., the van der
Waals interaction as well as the conformational stability of the protein.

At this point it has to be stressed that numerous experimental studies focusing on thin film
formation or dynamics usually do not give details on the subsurface composition of the samples in
the study. The subsurface composition therefore is one to date mostly uncontrolled sample prop-
erty. It is very likely that many diverse results about biofilm formation of different groups world-
wide may be traced back to using different composite samples �still exhibiting the identical surface
chemistry�. We therefore pledge for a detailed characterization of samples including, e.g., a pos-
sible layering. For the widely used Si wafer, for instance, it is inevitable to characterize its oxide
layer. �Being precise, not only oxide layer thickness shall be characterized but also the refractive
index since depending on the production process, different porosities of amorphous Si dioxide
layers can be gained�.

Since an experimental study of possible conformational changes of individual proteins during
the adsorption process is too challenging to date, colloidal MC simulations were launched using an
effective particle model. Here, the sensitivity of the adsorption kinetics to conformational �or even
simpler: geometrical� changes of adsorbing objects shall be probed and the results shall then be
compared to the experimental findings in order to be able to propose a suitable model. At first
sight, a colloidal approach seems too rough to give reliable results for protein adsorption. How-
ever, to match the time scale of the experiment and to be able to include conformational changes,
colloidal MC simulations are the method of choice.

B. MC approach

Using the particle model including a conformational change, as presented in Sec. IV, we
observe a considerable deviation from simple, Langmuir-like adsorption kinetics,8,9 cf. Fig. 6.

FIG. 5. BSA adsorption kinetics on hydrophobized silicon wafers with �a� thick and �b� thin silicon oxide layers. Mea-
surements at room temperature and 37.5 °C are shown. A non-Langmuir-like adsorption kinetics can only be observed on
wafers with thin oxide layers and the intermediate linear regime is elongated at room temperature.
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Furthermore, particles adsorbing to the surface are directed to their adsorption site by the inter-
action with other particles already adsorbed. This is a major difference compared to RSA, where
possible adsorption sites are randomly chosen. Figure 7 shows two snapshots of the energy
landscape for a particle approaching the surface. In Fig. 7�b�, there is enough free space for a
particle to adsorb to the surface. As a consequence, the energy barrier evoked by the particles
already adsorbed is lower than in the first plot. Passing this barrier, a particle is trapped in an
attractive potential, as illustrated in Fig. 8. Therefore, the particle will most likely follow the
gradient to the minimum in the energy landscape and is eventually directed to the adsorption site.
Actually, Fig. 7�a� evolved from Fig. 7�b�: Adsorbing to the surface, a particle moved its neighbors
slightly so that it could fit to the adsorption site. The particle was removed again for the plot to
ensure a better comparison of the energy landscape.

Typically, the comparison of the simulation results with the experimental findings is carried
out via the measured kinetics. It is suggested by experimental results that the deviation from
Langmuir-like kinetics is due to different surface potentials provoked by different Si oxide layer
thicknesses, which affect the conformational stability of the proteins. In the simulations, a differ-
ent kinetics can be achieved by the assumption of a geometrical change of the adsorbed particles.

The degree of deformation of an adsorbed protein depends obviously on the strength of the
surface potential. In the model, the degree of deformation for adsorbed particles is considered via
the scaling of the long axes Y, i.e., for stronger surface interactions larger values of scaling are
expected �c.f. Fig. 2�. In Fig. 9, the kinetics of adsorption is shown for different values of Y, where
the curves for Y =1 �no conformational changes, solid red curve� and Y =1.5 �solid black curve�
are already shown in Fig. 6. Comparing the impact of all other parameters in the simulations, it
turns out that the variation of the deformation has the strongest influence on the adsorption
kinetics. The amplitude of the surface potential �which can be influenced by a variation of the
oxide layer thickness�, for instance, has only little impact on the adsorption kinetics. These model
results are consistent with the experimental observations where significant variations of the ad-
sorption kinetics are only recorded for different oxide layers if flexible proteins are used.

Combining experimental and theoretical results, we suppose that van der Waals-induced con-
formational changes are the reason for the experimentally observed kinetics. Yet, as the same
theoretical curves could possibly be generated in different ways, a comparison of the distribution
of the adsorbed particles in both simulation and experiment is desirable. Using ellipsometry, the
statistical distribution cannot be probed and statistical properties such as the pair correlation
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FIG. 6. Adsorption kinetics of simulations with �black� and without �red� change of conformation. For lower surface
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function or the Euler characteristics cannot be obtained. To overcome this deficiency in situ AFM
measurements can be performed, as presented in the next section.

C. AFM results

Ideally, AFM scans are performed on the same substrates �and under the same conditions� as
ellipsometry measurements. To date, however, we did not yet succeed to perform in situ AFM
scans on these systems. Stabilizing the protein layer by, e.g., glutaraldehyde, leads to artifacts of
the protein pattern due to cross-linking as demonstrated in Fig. 10 in simulation ��a� and �b�� and
experiment �c�. Therefore, this method is not adequate to gain the statistical distribution of ad-
sorbed proteins.

On mica, however, in situ AFM scanning with stable scanning conditions as described in B
was possible, and no fixation of the protein was needed. Figure 11 displays a consecutive series of
in situ AFM scans of adsorbed BSA on mica.

The elevated objects �bright colors� have an ellipsoidal shape with a long axis of 22�7 nm
and a short axis of 15�5 nm �without tip deconvolution: nominal tip radius 15 nm�. These
dimensions are in good agreement with the dimensions reported in literature3 �14�4�4 nm3�
indicating that single BSA molecules are displayed on the surface. The height of the proteins

FIG. 7. The energy landscape of a particle approaching the surface for two different points in time. The isolines mark steps
of 0.2; the white area has infinite potential energy �measured in kBT�.
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ranges between 0.7 and 1.6 nm, depending on the scanning parameters in noncontact mode AFM
and is therefore not a reliable measure for such small and soft objects.94 Due to the restrictions in
resolution, conformational changes are very likely not resolvable.

For the measurements on mica, no surface mobility was detected. The interaction between the
highly negatively charged mica and the BSA is believed to hinder the mobility of the proteins. To
test this hypothesis, the Debye screening length can be reduced by increasing the ionic strength of
the buffer. However, reducing the attraction between the proteins and the surface leads to fragile
scanning conditions.

The proteins were found to adsorb only within a monolayer, as at no occasion protein heights
of two times of a “usual” protein height are recorded. Moreover, they do not preferentially form
clusters on the surface, but rather exhibit a random distribution. According to the simulation
results, however, an influence of the mutual interactions on the particle distribution is expected.
Yet on mica, the particle-surface interactions seem to exceed the particle-particle interactions by
far, suppressing any collective effect. Hence, for future studies it seems rewarding to search for
surfaces on which single protein adsorption is detectable �e.g., by AFM� while the adsorbed

FIG. 10. The effect of linker molecules for a stabilization of a protein film: �a� Initial configuration in the MC simulations
using the standard form of interactions. �b� Stationary configuration in the computer simulation after adding a short-ranged
contribution to the particle-particle interactions to mimic the effect of a linker. �c� AFM image of an amylase film stabilized
by glutaraldehyde. For a simple comparison with the simulations, a threshold has been applied to the height scale such that
protein is black and substrate is white.

FIG. 11. Series of consecutive AFM images �1 �m�1 �m� of BSA �20 �l of 0.1 mM protein solution in acetate buffer
of pH 4.75 and ionic strength I=8 mM at room temperature� adsorbed onto mica taken at the same area �slight drift�
under stopped flow conditions. The bright objects represent single proteins.
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proteins still maintain a certain surface mobility. Then, the knowledge of the statistics of adsorp-
tion sites will open an opportunity to determine the interaction potential between the adsorbed
proteins and their surface mobility by comparison of experimental results and simulations.

In this study, we have developed a consistent qualitative picture of protein adsorption on
tailored surfaces. The simulation results indicate that induced conformational changes may lead to
qualitatively different adsorption kinetics. In particular, the possibility of the particles to undergo
transitions from compact to flattened states and back results in a collective transition process at the
surface. The time scale of the collective transition process is determined by the particle mobility
at the surface as well as the ratios of particle radii. This process deviates from the time scale of the
actual adsorption process, leading to the regime of constant adsorption rate in the kinetics. This is
consistent with the experimental observations. From the simulations, we expect that the thin oxide
layer in combination with the applied experimental conditions leads to the right particle mobility
at the surface as well as the right ratio of particle radii to enable an observation of the reported
non-Langmuir-like kinetics. A variation of experimental conditions as, e.g., altered protein con-
centration, rougher surfaces, different pH values, and—as shown—different surface forces sup-
presses the regime of constant adsorption rate. In contrast, decreasing the temperature leads to a
prolonged linear regime corroborating the theoretical expectation of a deceleration of surface
mobility and reduced transition rate between the particle states.

VI. SUMMARY AND CONCLUSIONS

The experimental and theoretical characterizations of protein-biofilms are challenging tasks.
In this work, we used a number of different methods in order to characterize the adsorption
kinetics of proteins at different kinds of surfaces. The experimental results showed that both the
long- and short-ranged interactions strongly influence the adsorption kinetics of the proteins. By
means of ellipsometry, it has been shown that flexible proteins, e.g., amylase and BSA, show an
intermediate linear regime upon adsorption on Si wafers with thin oxide layer, which we termed
non-Langmuir-like kinetics. Complementary computer simulations, which describe the proteins as
single spherical particles with an internal degree of freedom, indicate that this kind of kinetics is
the result of conformational changes induced by density-density fluctuations. This scenario has
been tested experimentally by using different kinds of proteins and substrates. Yet, the adsorption
of more rigid proteins—such as lysozyme—led to a Langmuir-like adsorption kinetics on all Si
wafer types.

A proof-of-concept is given by in situ AFM scans of BSA on mica. A future challenge is to in
situ study the statistics of adsorption sites on silicon wafers, which enables a direct comparison of
experimental and theoretical results. Future experiments will explore regimes of different surface
mobility of the adsorbing molecules.

To conclude, three points are important for future biofilm studies: �i� Van der Waals forces
must be taken into account �therefore a detailed characterization of samples is mandatory�, �ii�
conformational changes upon adsorption can be triggered by particle-particle and particle-surface
interactions �where long-ranged forces have to be taken into account, too�, and �iii� colloidal
simulations are currently the only method of choice for describing the kinetics of these systems,
which span over minutes to hours.
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