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Different binding mechanisms of
Staphylococcus aureus to hydrophobic
and hydrophilic surfaces†
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Bacterial adhesion to surfaces is a crucial step in initial biofilm formation. In a combined experimental and

computational approach, we studied the adhesion of the pathogenic bacterium Staphylococcus aureus to

hydrophilic and hydrophobic surfaces. We used atomic force microscopy-based single-cell force spec-

troscopy and Monte Carlo simulations to investigate the similarities and differences of adhesion to hydro-

philic and hydrophobic surfaces. Our results reveal that binding to both types of surfaces is mediated by

thermally fluctuating cell wall macromolecules that behave differently on each type of substrate: on

hydrophobic surfaces, many macromolecules are involved in adhesion, yet only weakly tethered, leading

to high variance between individual bacteria, but low variance between repetitions with the same bacter-

ium. On hydrophilic surfaces, however, only few macromolecules tether strongly to the surface. Since

during every repetition with the same bacterium different macromolecules bind, we observe a compar-

able variance between repetitions and different bacteria. We expect these findings to be of importance

for the understanding of the adhesion behaviour of many bacterial species as well as other microorgan-

isms and even nanoparticles with soft, macromolecular coatings, used e.g. for biological diagnostics.

Staphylococcus aureus (S. aureus) is an opportunistic pathogen
associated with different community- and hospital-acquired
infections.1 One reason for its high pathogenicity is the cells’
ability to adhere strongly to various surfaces, including natural
and abiotic materials, such as implanted medical devices.2–4

Subsequent to adhesion, the cells may proliferate and form
mechanically and chemically robust biofilms.5,6 Because of the
latter, S. aureus is a major cause of implant-related infections
with severe consequences for the patients’ health.7–11

Furthermore, since in biofilms the cells can be well-protected
against environmental influences and have the ability to
adhere to many different types of surfaces, they can spread
quickly to formerly non-inhabited space, for example in clini-
cal buildings.12 Hence, understanding and controlling the

adhesive behaviour of S. aureus is of fundamental importance
for health care and engineering.13,14

The state-of-the-art method in quantitative bacterial
adhesion research is atomic force microscopy (AFM)-based
force spectroscopy with single bacterial probes (single-cell
force spectroscopy, SCFS).4,15–18 This method allows the inves-
tigation of many different mechanisms on a single-cell or even
molecular level. For instance, it can be performed on bare
abiotic surfaces, on conditioned surfaces or on natural or
natural-like surfaces (e.g. hydroxyapatite) as well as with pre-
treated cells.19–23 Using SCFS, a previous study demonstrated
that bacterial adhesion to hydrophobic surfaces is governed by
cell wall macromolecules tethering to the surface.4 As a conse-
quence, the adhesive strength of a single cell is determined by
the number of contact-forming macromolecules and by the
strength of each individual binding site. The composition of
surface macromolecules, as well as important adhesion para-
meters, such as the bacterial contact area to solid surfaces, are
highly cell-individual properties.24 Thus, general statements
concerning the adhesion of certain cell types can only be
achieved with good statistics obtained from a sufficiently large
number of cells and well-characterized sample surfaces. In
addition, former studies have shown that the adhesive strength
of several bacterial species strongly depends on surface
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wettability.25–27 Quantitative data is especially available by
SCFS studies which demonstrated that adhesion of
Lactobacillus plantarum,28 Streptococcus mutans29 and
S. aureus16,24 to hydrophobic surfaces is about one order of
magnitude stronger than to hydrophilic surfaces.

In this paper, we present a detailed characterization of the
adhesion of S. aureus cells to abiotic surfaces by evaluating
differences in adhesion behaviour to very hydrophilic (5° water
contact angle) and hydrophobic (111° water contact angle) Si
wafer-based substrates. We performed SCFS experiments with
S. aureus strain SA113 cells that are complemented by Monte
Carlo simulations. Our study reveals that on hydrophobic sur-
faces, many macromolecules tether to the surface, while on
hydrophilic surfaces, a potential barrier selects only a few
tethering macromolecules. Since our model is based on unspe-
cific binding of cell wall macromolecules, the results of this
study may also be of relevance to understand the adhesive
behaviour of many other bacteria and microorganisms, such
as fungi, eukaryotic cells, or nanoparticles covered with soft,
macromolecular coatings for applications like printable elec-
tronics,30 biological diagnostics, optoelectronic devices, or
energy’ harvesting systems.31 The colonisation of diverse and
new habitats usually occurs in the presence of a liquid
medium, making surface wettability a key parameter for under-
standing adhesion.

1. Materials and methods
1.1. Substrate preparation

Si wafers (Siltronic AG, Burghausen, Germany) are the basis
of the hydrophilic as well as of the hydrophobic substrates
used in this study. The Si substrates feature a native silicon
oxide layer of 1.7(2) nm (the number in parentheses denotes
the error of the last digit) and an RMS (root mean square)
surface roughness of 0.09(2) nm.32 Thoroughly cleaning the
Si wafers results in a hydrophilic substrate with an advancing
water contact angle of 5(2)°, a surface energy of 64(1) mJ m−2

and a zeta-potential of −104.4(1) mV at pH of 7.3.32 The
hydrophobic substrates are prepared by covering a Si wafer
with a self-assembled monolayer of octadecyltrichlorosilane
(OTS) according to a standard protocol.33 The result is a CH3-
terminated substrate with an advancing (receding) water
contact angle of 111(1)° (107(2)°), an RMS surface roughness
of 0.17(3) nm, a surface energy of 24(1) mJ m−2 (ref. 33) and a
zeta-potential of −80.0(1) mV.32 The hydrophilic silicon
wafers were cleaned as follows: the substrates were immersed
for 30 min in fresh solution of H2SO4 (conc.)/H2O2 (30%)
(1 : 1), then in boiling deionized water for 90 min, during
which the water was changed at least four times. Afterwards,
the surfaces were dried in a stream of ultrapure nitrogen. The
hydrophobic surfaces were cleaned in an ultrasonic bath of
ethanol and acetone subsequently for 5 min each. When
changing the solvent and at the end of rinsing, the surfaces
were dried in a stream of ultrapure nitrogen. For force spec-
troscopy experiments, substrates were immersed into phos-

phate-buffered saline (PBS, pH 7.3, ionic strength 0.1728
mol l−1 at 20 °C).

1.2. Bacteria

Adhesion studies were performed with Staphylococcus aureus
strain SA113. This biofilm-positive laboratory strain is a
common platform to study cell wall macromolecules of
S. aureus.34–37 All bacterial cultures were prepared the same
way, starting the day before the force spectroscopy experi-
ments: an overnight culture was prepared in 5 ml tryptic soy
broth (TSB) medium and incubated at 37 °C and 150 rpm for
16 h. The next day, 40 μl of the overnight culture were trans-
ferred into 4 ml of fresh TSB medium and incubated for
another 2.5 h to obtain exponential phase cells. Subsequently,
0.5 ml of this culture were washed three times, using 1 ml PBS
each, to remove extracellular material.

1.3. Single-cell force spectroscopy

Single bacterial probes were prepared according to a standard
protocol:38 tipless cantilevers (MLCT-O, Bruker Nano GmbH,
Berlin, Germany) were covered with a thin layer of polydopa-
mine by polymerization of dopamine hydrochloride (99%,
Sigma-Aldrich, St Louis, USA) in TRIS buffer (pH 4.8).
Afterwards, single bacterial cells were attached to the polydo-
pamine coated cantilever using a micromanipulator; care was
taken to ensure that cells never dry out during probe prepa-
ration or force measurements. All cantilevers were calibrated
before each measurement. Force spectroscopy measurements
with single bacterial probes were conducted under ambient
conditions in phosphate buffered saline (PBS, pH 7.3) using a
Bioscope Catalyst (Bruker Nano GmbH, Berlin, Germany). We
performed force–distance measurements with single bacterial
cells of S. aureus SA113 on either a hydrophobic or a hydro-
philic substrate. From force–distance curves, we cannot
discern if bacteria are dead or alive. However, a previous study
demonstrated that intentionally killed bacteria showed identi-
cal curves to bacteria that are alive and able to divide.39 For the
parameters of the curves, values that correspond to similar
studies were chosen:16,40–42 the ramp size was 800 nm, the
force trigger (denoting the maximal force with which the cell
is pressed onto the substrate) was 300 pN and retraction speed
was 800 nm s−1.

In total, we analysed 64 cells on hydrophobic surfaces and
52 cells on hydrophilic surfaces. On the tested hydrophobic
surfaces, the surface delay time, i.e. the time between
approach and retraction in which the cell is in contact to the
substrate and the cantilever is not moved, had no big influence
on the adhesive strength. Therefore all force–distance curves
on hydrophobic surfaces were taken with a nominal surface
delay of 0 s which corresponds to a ‘real’ contact time below
0.5 s.16,40 On hydrophilic surfaces, however, the surface delay
time is an important parameter whose influence should be
checked, as follows. In general, values of a few seconds are a
common choice to study the influence of surface delay time on
bacterial adhesion processes.18,28,41–43 Therefore, on the hydro-
philic surface, 52 cells were probed with a surface delay time
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of 5 s, and 19 cells were probed without additional surface
delay time. For curves with surface delay time, the approach
speed was set to 100 nm s−1 while it was 800 nm s−1 when no
surface delay was applied. For all cells and delay times, 30
repeated force–distance curves have been analysed the follow-
ing way: the retraction part of each force–distance curve was
evaluated to characterise the strength of adhesion. Hence, the
maximum force needed to detach an individual cell from the
surface (‘adhesion force’) as well as the separation at which
bacterium and surface lose contact (‘rupture length’) were
determined. For the latter, the Matlab function findchangepts
was used: the largest separation where the root mean square of
the signal changed the first time significantly from the back-
ground noise was defined as the rupture length.

During approach, bacterial cells can be attracted to the
surface at rather large separations due to individually tethering
long macromolecules (‘snap-in event’).4 We evaluated this
mechanism on both surfaces with respect to its maximum
attractive force (‘snap-in force’) and the separation at which
the attraction starts (‘snap-in separation’). To compute the
latter, we used the same method as for computing the rupture
length. While on hydrophobic surfaces, reliable approach
curves could be measured, on hydrophilic surfaces, due to the
use of a soft cantilever to record the expected lower adhesion
forces, fewer reliable curves could be observed. The character-
istics of retraction as well as approach curves were quantified
by computing histograms and mean curves. The characteristics
for the histograms where computed from the individual force
separation curves and subsequently binned. The error bars in
the histograms and the standard error of the mean are com-
puted in the usual manner by dividing the estimated standard
deviation by the square root of the number of curves.

Since the extracted adhesion forces for repeated measure-
ments of the same cell on hydrophobic surfaces are strongly
correlated, we estimated those errors not in the usual manner:
since the number of independent events is given by the
number of cells, we divided by the square root of the number
of cells. For the computation of the mean curves, all individual
curves where interpolated along a given grid of separation
values, and subsequently the corresponding mean and stan-
dard deviation were computed point-wise.

1.4. Monte Carlo simulation

To simulate SCFS experiments, we modify a stochastic model
introduced by Thewes et al.4 The bacterium is considered to be
a hard sphere decorated with soft macromolecules. The length
fluctuations, as well as mechanical response to stretching of
these macromolecules is modelled as worm-like chain (WLC)
polymer, where the properties of each macromolecule are
sampled from a given distribution. The interaction with the
surface is mediated by a simple square potential with a given
potential depth V and interaction range. However, before any
macromolecule is able to bind to the surface, it needs to over-
come a potential barrier of height H. This barrier is overcome
with probability e−H. This binding allows the molecules to pull
on the bacterium. The pulling forces on the bacterium are

balanced by the bending of the cantilever (modelled as the
extension of a spring), and the bacterium is moved to equili-
brium position between each step of the cantilever. For more
information about the simulation procedure, used parameters
and model details, see the ESI.†

2. Results and discussion
2.1. Experimental data

Adhesion to hydrophilic surfaces. When performing force–
distance measurements on hydrophilic surfaces with 0 s
surface delay time, in many individual curves, no significant
adhesion of the cells to the surface can be observed. However,
other studies showed that adhesion of microbial cells can
change with the cell–surface contact time.44 Therefore, in a
first step, the influence of the surface delay time on the
adhesion to hydrophilic surfaces was investigated. Fig. 1a,
shows the mean retraction curves for all tested cells for 0 s
(purple) and 5 s (blue) surface delay time as coloured lines
(with standard deviations indicated by shaded areas).§ For
both delay times, the recorded force of the retraction curve
first decreases as the separation increases, then reaches a
minimum and thereafter relaxes back to zero. For the longer
delay time, the minimum is at higher negative forces and the
relaxation ends at larger separation values. In addition, the
standard deviation increases markedly with longer surface
delay time.

Quantifying the retraction curves further, we computed the
rupture length (indicating the point where the last macro-
molecule of the bacterium looses contact to the surface) and
the adhesion force (maximal force between bacterium and
surface) for every curve and computed corresponding histo-
grams (see Fig. 1b and c). The adhesion forces for 0 s surface
delay time have mostly values close to 0 pN, but reach values
up to hundreds of pN.¶ For 5 s delay time, the adhesion forces
have maximum occurrence at about 700 pN but reach values
up to several nN. The rupture lengths vary in both cases from
several tens of nm to a few hundred nm, whereby for longer
surface delay time, larger values are observed more regularly.

Since adhesion is only rarely observed on hydrophilic sur-
faces without additional delay time and, if it is the case, the
forces are rather small, we focus in the following on retraction
curves with 5 s delay time. To gain deeper insight in the retrac-
tion characteristics of individual bacteria, we show in Fig. 2
mean retraction curves for some cells and mean rupture

§Note that most of the positive parts of the shaded area (representing the stan-
dard deviation) are a consequence of the symmetrical display of the standard
deviation. The measured values are – except for the positive part of the baseline
noise – never positive and, therefore, not symmetrical around the mean value.
¶Notably, depth and position of the minima of the mean curves do not match
the corresponding mean values in the histograms because the force-separation
curves are highly non-monotonic (see Fig. 5b). As a consequence, the minimum
of the mean curve is in general not the same as the mean of the minima of each
individual curve. In other words, the mean of the minima does not take into
account the position of the minimum while the mean curve does.
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length and adhesion force for all cells. For every cell, the mean
curve is different but their standard deviation markedly
overlap (Fig. 2a). The reason for this can be seen in the inset,
which shows two exemplary force-separation curves from two
successive measurements with the same cell. Although, both
curves have similar ‘spiky’ features, they are obviously very
different from each other. This fact is also reflected in the
mean adhesion forces and rupture lengths: the adhesion
forces are all located in a range of about 0.1 to 1.7 nN with
error bars (depicting the standard deviation) between 0.5 and
1 nN (Fig. 2b), while the rupture lengths vary around 150 nm
and have error bars of more than 100 nm (Fig. 2c).

An in depth discussion follows in the next section in direct
comparison to the results on hydrophobic surfaces.

Adhesion to hydrophobic surfaces. We analysed the
adhesion of S. aureus to hydrophobic surfaces in the same
manner as on hydrophilic substrates. In the case of hydro-
phobic surfaces, a surface delay time of 0 s is sufficient to
observe strong adhesion for all tested cells (Fig. 3). Additional
5 s of surface delay time were tested for 6 of 64 cells, and it
showed that the adhesion force was not strongly enhanced and
the characteristics of the retraction curves did not markedly
change (for data, see the ESI†). Therefore, force–distance
curves on hydrophobic surfaces discussed in the following
were recorded with 0 s surface delay time.

To analyse the adhesion on hydrophobic surfaces in detail,
Fig. 3a depicts – analogously to the data on hydrophilic sur-
faces – the mean retraction curves of several single cells. Here,
every single cell features ‘cup-shaped’ retraction curves with a
well-defined minimum and only a very small standard devi-
ation (note the different scale of the adhesion force in com-
parison to the hydrophilic case). The low variability for
different curves from one and the same cell is explicitly shown
in the inset, where two repetitive curves with almost identical
shapes are depicted. Hence, the variability on hydrophobic
surfaces is mainly given from cell to cell, while on hydrophilic
surfaces, the cell-to-cell variance is comparable to the varia-
bility between repetitive curves. Further, the mean adhesion
forces on hydrophobic surfaces (see Fig. 3b) range from 5 to 70
nN with most error bars in the order of a few nN. Therefore,
the adhesion force on hydrophobic surfaces seems highly cell
specific, while it is highly stochastic on hydrophilic surfaces.
The rupture lengths, however, vary on hydrophobic surfaces
from repetition to repetition with the same cell (see Fig. 3c)
and show very similar performance in magnitude and varia-
bility to the behaviour on hydrophilic surfaces. This will be
discussed later.

In order to compare the adhesion properties of a typical
population of bacteria on hydrophilic and hydrophobic sur-Fig. 2 (a) Mean SCFS retraction curves (calculated as described in

section 1.3) of 7 exemplary individual bacteria on the hydrophilic surface
for a surface delay time of 5 s (shaded area is standard deviation). The
inset depicts two exemplary force–distance curves of cell no. 23, whose
mean curve is shown in blue in the main diagram. (b, c) Mean adhesion
forces and rupture lengths extracted from single SCFS retraction curves
of 52 cells (error bars are standard deviation).

Fig. 3 (a) Mean SCFS retraction curves (calculated as described in
section 1.3) of 7 exemplary bacteria on the hydrophobic surface for 0 s
surface delay time (shaded area is standard deviation and very small).
The inset depicts two exemplary force–distance curves of cell no. 29,
whose mean curve is shown in red in the main diagram. (b, c) Mean
adhesion forces and rupture lengths extracted from single SCFS retrac-
tion curves of 64 cells (error bars are standard deviation). Note the
different scales in this figure and Fig. 2 for the adhesion forces, but iden-
tical scale for the rupture lengths.

Fig. 1 (a) Mean SCFS retraction curves (calculated as described in
section 1.3) with surface delay times of 0 s (purple, 19 cells) and 5 s
(blue, 52 cells) on hydrophilic surface (shaded area is standard devi-
ation). (b, c) Probability density histograms of rupture lengths and
adhesion force extracted from single SCFS retraction curves with to (a)
corresponding colours.
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faces, we computed mean retraction curves and relevant histo-
grams of all cells measured (see Fig. 4). Interestingly, for both
surfaces, the mean retraction curves look very similar but
feature completely different force scales (see Fig. 4b).∥ This
also manifests in the adhesion force histograms: on hydro-
philic surfaces, typical adhesion forces are hundreds of pN up
to several nN (see Fig. 4c and d) while on hydrophobic sur-
faces, they are several tens of nN. Their mean values differ by a
factor of 25 (1.1(0) nN vs. 28(2) nN).

As already mentioned before, the rupture lengths differ
much less than the adhesion forces: although, in the rupture
length histograms (Fig. 4a), a clear shift to higher rupture
lengths on hydrophobic surfaces is observed, the mean
rupture lengths differ only by a factor of about 1.5 (from 160(2)
nm on hydrophilic surfaces, to 242(2) nm on hydrophobic sur-
faces). Especially, the tails in both histograms extend to
remarkably high rupture lengths. Such high rupture lengths,
with values even bigger than 400 nm, are quite notable for sur-
faces that are unconditioned with biological material. On such
surfaces, cell wall macromolecules can just tether non-specifi-
cally to the surface. If we consider for proteins 0.36 nm length
contribution per amino acid as usually done in single mole-
cule force spectroscopy experiments,42,45 these rupture lengths
are comparable to the fully unfolded length of different
S. aureus surface proteins, like Serine-aspartate repeat-contain-
ing protein C (SdrC, 360 nm45), clumping factor A (ClfA,
285 nm46), and S. aureus surface protein G (SasG, 505 nm47).**
Forces to unfold proteins are typically 0.1–0.4 nN,48–50 but are
specific to the structure and the pulling speed. In the literature
only values are provided for SasG whose E and G5 domains
have unfolding forces of 0.25 nN and 0.42 nN, respectively,50

but may depend on the Zn2+ concentration.51 However, the
large rupture lengths might also result from the tethering of
other cell surface macromolecules like glycolipids (teichoic
acids) or extracellular polysaccharides, such as poly-N-acetyl-D-
glucosamine (PNAG). This could by analysed in future studies
with specific knock-out mutants of S. aureus SA113.

When directly comparing typical retraction curves on hydro-
philic and hydrophobic surfaces (Fig. 5a and b), it seems
reasonable that single molecule tethering is involved on both
types of abiotic surfaces. These show – besides the already
mentioned fundamental differences in the curve shapes – also
similar features. On hydrophilic surfaces, the retraction curves
show several peaks, which resemble partial force stretch curves
of worm-like chain polymers (‘WLC-like peaks’), of varying
magnitude (Fig. 5a and b). Such WLC behaviour is commonly
observed in single force spectroscopy measurements for
various proteins.48–50 However, our experiments show most
likely the stretching of several macromolecules at the same
time, generating more complicated retraction curves. On
hydrophobic surfaces, we also often observe single peaks at
separations close to the rupture length. These show similar
signatures as the retraction curves on hydrophilic surfaces
resembling WLC behaviour (inset in Fig. 5a). This marks the
adhesion process as a stochastic tethering of individual macro-
molecules to both surfaces.

Approach curves. In addition to the retraction curves, also
the approach parts of force–distance curves can provide
insights into the adhesion process. Therefore, all recorded
approach curves were analysed in terms of the presence and
characteristics of the so-called snap-in event, i.e. a sudden
attraction of the cantilever towards the surface.4 While this
event is present in nearly all experiments on the hydrophobic
surfaces, it is only rarely observed in curves on hydrophilic sur-
faces. For a quantitative analysis, only those curves that show a
reliable snap-in were pooled and – analogously to the retrac-
tion curves – the ensemble properties were calculated (Fig. 6).
Thereby, strong differences between curves on hydrophilic and
hydrophobic surfaces are observed: the mean snap-in separ-

Fig. 4 (a, c, d) Probability density histograms of rupture lengths and
adhesion force of each tested cell on hydrophilic (blue) and hydrophobic
(red) surfaces (where histograms overlap, a mixed colour is displayed).
(b) Corresponding mean retraction curve (shaded area is standard devi-
ation) calculated from all tested cells calculated as described in section
1.3. (Note the different scales of the y-axes!)

Fig. 5 Force-separation curves of two repeated SCFS experiments with
one bacterium (per surface) on a hydrophobic (a) and a hydrophilic
surface (b) to illustrate similarities and differences.

∥That the standard deviation on hydrophilic surfaces seems to extend to higher
separations as on the hydrophobic surfaces is just an optic effect of the strongly
different force scales.
**Note that the fully unfolded length of the protein structure does not necess-
arily correspond to the rupture length; for details, see the ESI.†

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 19267–19275 | 19271

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 1
2:

48
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03134h


ation (separation were the snap-in starts) on hydrophilic sur-
faces is 13.5(4) nm and thus approximately four times lower
than on hydrophobic surfaces (51.9(4) nm). The mean snap-in
force on hydrophilic surfaces is almost one order of magnitude
weaker than it is on hydrophobic surfaces (0.06(1) nN vs. 4.2(1)
nN). In order to display a snap-in event, rather fast binding of
macromolecules is necessary. Therefore, the observation of a
much weaker pronounced snap-in on hydrophilic surfaces
nicely corroborates the strong surface delay time dependence
that we observe on these substrates.

In summary, our experimental curves hint to stochastic
binding of a rather low number of macromolecules on hydro-
philic surfaces, leading to a strong surface delay time depen-
dence and a high variance between individual curves that is
comparable to the cell-to-cell variance. A low number of indi-
vidual macromolecules exert forces in the low nN range and
detach at separations varying from tens of nm to remarkably
hundreds of nm. On hydrophobic surfaces in contrast, the
retractions curves show very low variance between individual
curves, adhesion forces of several tens of nN, and rupture
lengths in the order of several 100 nm.

In a first step to validate whether these results can be gener-
alized and do not only hold true for the tested strain of
S. aureus SA113, we probed two more clinically relevant
S. aureus strains, the USA300 CA-MRSA derivative JE2 and the
HA-MRSA strain N315, with a smaller number of individuals.
The results are given in the ESI† and support our conclusions
stated above.

2.2. Monte Carlo simulations

To substantiate the conclusions and hypotheses drawn from
the experiments, we performed Monte Carlo (MC) simulations
of the bacterial adhesion process, in which the bacterium is
modelled as a sphere decorated with thermally fluctuating
macromolecules. These molecules bind individually to the
surface after overcoming a potential barrier. Once bound to
the surface, the potential depth quantifies their bonding

strength. Further details and parameter discussion is provided
in section 1.4 and the ESI†.

As can be seen in Fig. 7, our simulations are able to repro-
duce the experimental mean SCFS retraction curves on hydro-
philic as well as on hydrophobic surfaces with biological
reasonable parameters. For both surfaces, the parameters for
the cell wall macromolecules were kept the same (see ESI†)
and only the potential depth and barrier height were changed.
The simulated mean retraction curve (black line) in Fig. 7
features the correct force scale as well as the right rupture
lengths. In addition, the strong surface delay time dependence
on hydrophilic surfaces can be reproduced (Fig. 7a and b).
However, especially on hydrophobic surfaces, the standard
deviation in the simulation is much lower than in the experi-
ments meaning that the variability between individual cells is
not represented in the simulations (Fig. 7c). This lack of diver-
sity is the result of a fixed high number of macromolecules on
the cell surface, that use the same simple force stretch model
with identical binding energy. In order to increase the quanti-
tative agreement, a more complete characterisation of the
involved surface macromolecules would be necessary. This is,
however, beyond the scope of this paper. In addition, the intro-
duction of nano domains of proteins on the cell surface (that
are for example suggested for Serine-aspartate repeat-contain-
ing protein G (SdrG) on S. epidermis and Collagen adhesin
(Cna) protein on S. aureus) would increase the cell to cell varia-
bility in our model.42,52

Since the bacteria used are grown under the same con-
ditions, cell-individual surface properties should be mainly
responsible for the different adhesion characteristics. To this
end we analysed the influence of the potential depth and
barrier on individual and mean retraction curves of specific
bacteria (Fig. 8). First we observe, for low potential barriers
and sufficiently high potential depths, always cup-shaped
retraction curves. All the repetitions with the same cell (blue,
red, green line) show the same signature and, as expected,
bigger potential depths increase the adhesion force. Second, if
we increase the potential barrier, we observe a decrease in

Fig. 6 (a, c, d) Probability density histograms of snap-in separation and
snap-in force of each tested cell on hydrophilic (blue) and hydrophobic
(red) surfaces (where histograms overlap, a mixed colour is displayed).
(b) Corresponding mean approach curve (shaded area is standard devi-
ation) calculated from all tested cells calculated as described in section
1.3.

Fig. 7 Comparison of the simulated mean retraction curves (black, with
standard deviation as shaded area) that match the experimental results
(purple, blue, red). We used 17 kBT (0 kBT ) for the potential barrier and
50 kBT (20 kBT ) binding energy for hydrophilic (hydrophobic) surfaces.
Note the different force scale of the right panel in comparison with the
others and the remarkably small standard deviation.
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adhesion force and individual ‘WLC-like peaks’ which vary
from repetition to repetition. The lack of variability in rep-
etitions, for low potential barriers, matches the experimental
behaviour on hydrophobic surfaces. The drop in adhesion
force, the partial WLC behaviour and the strong increase in
variability of repetitions matches the observed behaviour on
hydrophilic surfaces.

To gain a deeper understanding in the change of adhesion
behaviour with varying potential depth and barrier height, we
counted the number of macromolecules that in fact bind to
the surface and investigated how surface delay time affects this
binding (Fig. 9). For low potential barriers, additional surface
delay time does not lead to an considerable increase in bound
macromolecules. Yet, for high barriers, a substantial increase
is observed. This increase in attached molecules leads to an
increase in adhesion force (for the corresponding mean retrac-
tion curves, see ESI†) which matches the experimental behav-
iour on hydrophilic surfaces. Furthermore, for low potential
barriers, a substantial amount of available macromolecules
binds without any delay time, rendering additional binding

with more delay time negligible. This leads to only a weak
dependence of the adhesion force on surface delay time, like
we have observed in the experiments on hydrophobic surfaces.
For higher barriers, only few macromolecules bind to the
surface, corroborating the notion that indeed on hydrophilic
surfaces few, and on hydrophobic surfaces many macro-
molecules are responsible for adhesion.

In summary, the simulations provide evidence that a large
number of macromolecules bind to hydrophobic surfaces,
while only a few macromolecules are stochastically selected to
bind to hydrophilic surfaces. This leads to almost identical
shapes of consecutive curves on hydrophobic surfaces and a
high variability of consecutive curves on hydrophilic surfaces.
Our model suggest that the reason for the different number of
tethering molecules is that on hydrophobic surfaces, many
weakly binding macromolecules can attach quickly without
hindrances, while on hydrophilic surfaces, a potential barrier
selects only few but strongly binding macromolecules.

Although the origin of the potential barrier is unclear, we
propose that it stems from conformational changes of the

Fig. 8 Simulation results: single (coloured) and mean retraction curves (black) for different potential depth V and potential barriers H and fixed bac-
teria. Surface delay time is 5 s.

Fig. 9 Simulation results: ensemble mean of the number of attached macromolecules for different potential depth V and barriers H, extracted from
the first 10 retractions of 20 simulated cells. Shaded area is standard deviation. While blue solid lines indicate 5 s of surface delay time, purple
dashed lines indicate 0 s.
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macromolecules and/or disturbances of the hydrogen bond
network close to the surface. The latter seems reasonable
because hydrophobic interactions are non-directional and fast
while hydrogen-bonds are directional and need time to form.
This depends, however, on the structure of the involved macro-
molecules and water network.

3. Conclusions

In conclusion, we have analysed the adhesion characteristics of
a high number of force–distance curves of single S. aureus cells
to hydrophilic and hydrophobic surfaces. The experimental data
could be quantitatively reproduced by MC simulations of the
adhesion process using reasonable parameters for the surface
potential as well as for the involved macromolecules.

Together, our results can explain bacterial adhesion to
abiotic surfaces: S. aureus cells adhere to hydrophobic surfaces
by many weakly binding macromolecules, while they adhere to
hydrophilic surfaces via few, but strongly binding macro-
molecules. Tethering of many macromolecules on hydro-
phobic surfaces leads to high adhesion forces and low varia-
bility repetitive SCFS retraction experiments with the same
cell. In contrast, a potential barrier on hydrophilic surfaces
selects only a few strongly binding macromolecules which
leads to high variability between repetitive measurements. The
origin of this barrier is an interesting subject for future
research.

We expect that our results hold true also for other types
of bacteria, especially Gram-positive bacteria where no
additional diffusion dynamics of macromolecules in the
membrane play a role. Therefore, they can have important
implications for applications where bacterial adhesion is
unwanted: the remarkable difference of binding strength for
hydrophilic and hydrophobic surfaces could be used in order
to reduce considerably the binding affinity of bacteria to sur-
faces. Moreover, our results can also help to predict the
adhesive strength of bacteria to different types of smooth sub-
strates of which only the surface energies are known. Vice
versa, with the help of our results, single adhesion curves on
chemically unknown (conditioned) surfaces may be sufficient
to derive statements about the substrates’ surface energies
and/or involved interactions.
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