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Bacterial crystalline surface layers (S-layers) are the outermost envelope of prokaryotic organisms
representing the simplest biological membranes developed during evolution. In this context,
the bacterial protein SbpA has already shown its intrinsic ability to reassemble on diﬀerent substrates
forming protein crystals of square lattice symmetry. In this work, we present the interaction
between the bacterial protein SbpA and ﬁve self-assembled monolayers carrying methyl (CH3),
hydroxyl (OH), carboxylic acid (COOH) and mannose (C6H12O6) as functional groups. Protein
adsorption and S-layer formation have been characterized by atomic force microscopy (AFM)
while protein adsorption kinetics, mass uptake and the protein layer viscoelastic properties were
investigated with quartz crystal microbalance with dissipation monitoring (QCM-D). The results
indicate that the protein adsorption rate and crystalline domain area depend on surface chemistry
and protein concentration. Furthermore, electrostatic interactions tune diﬀerent protein rate
adsorption and S-layer recrystallization pathways. Electrostatic interactions induce faster
adsorption rate than hydrophobic or hydrophilic interactions. Finally, the shear modulus and the
viscosity of the recrystallized S-layer on CH3C6S, CH3C11S and COOHC11S substrates were
calculated from QCM-D measurements. Protein–protein interactions seem to play a main role in
the mechanical stability of the formed protein (crystal) bilayer.

1. Introduction
The adsorption of proteins on surfaces has been widely studied
due to the importance of protein–surface interactions in
biological processes and bioengineering.1–3 Adsorption of
proteins on surfaces is a complex process that is generally
associated with protein monomer conformational changes.4
The control of the protein adsorption kinetics is crucial for
protein function.5–7 The ﬁnal protein adlayer often depends on
the adsorption rate that is inﬂuenced by diﬀerent factors such
as the protein concentration, salts, pH and the surface
properties.
Self-assembled monolayers (SAMs) of alkanethiols are
excellent model surfaces to study the interactions of proteins
with organic surfaces because they form stable and well
deﬁned organic layers on gold ﬁlms.8 In addition, they can
be produced with a range of properties; the surface charge and
hydrophilicity can be controlled by selecting appropriate
thiols. The well-deﬁned chemistry of the SAM layer makes it
a

Biosurfaces Unit, CIC BiomaGUNE, Paseo Miramón 182,
20009 San Sebastian, Spain
b
Department of Nanobiotechnology, University of Natural Resources
and Life Sciences-BOKU, Muthgasse 11, A-1190 Vienna, Austria.
E-mail: jose.toca-herrera@boku.ac.at; Fax: +43 1 47654 2204;
Tel: +43 1 47654 2204
w Electronic supplementary information (ESI) available. See DOI:
10.1039/c1cp00052g

This journal is

c

the Owner Societies 2011

possible to obtain speciﬁc information about the forces that
contribute to adsorption of a particular protein.9 Surfaces can
be tailored to promote speciﬁc interactions10–13 or to promote
resistance to proteins.14–16
Crystalline bacterial cell surface layers, or S-layers, are
the outermost envelope of prokaryotic organisms being the
simplest biological membranes developed during evolution.
They are composed of a single sort of protein or glycoprotein
and show diﬀerent lattice symmetries.17 Isolated S-protein
subunits have the intrinsic ability to reassemble on a wide
variety of substrates.18–21 Much work has been carried out
showing the potential of S-proteins in biotechnology: one area
of interest is the production of fusion proteins that will have
both the S-layer ability to reassemble and the functional
properties of the fusion partner.22,23
In this work we have used the S-protein commonly called
SbpA (Lysinibacillus sphaericus CCM 2177); monomers are
nonglycosylated, have a molecular weight of 120 kDa and the
protein crystal exhibits a square (p4) lattice symmetry with a
spacing of about 13.1 nm between morphological units. The
protein subunits are anisotropic where the outer part of the
protein is neutral and smooth while the inner part is negatively
charged and is more corrugated. The protein monolayer is 9
nm thick while the protein bilayer has a thickness of 15 nm.9
Some studies have tackled the problem of the recrystallization
kinetics at solid and soft interfaces at the molecular level;
Phys. Chem. Chem. Phys., 2011, 13, 11905–11913
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however there are still some open questions concerning the
recrystallization kinetics of S-proteins on functional thiols.9,19,24,25
Here in this manuscript, we report how surface modiﬁcation
inﬂuences the protein adsorption rate and the formation of
S-layer protein crystals. Gold substrates were functionalized
with various alkanethiols of diﬀerent hydrophobic properties
and surface charge. Five kinds of SAMs carrying methyl
(CH3), hydroxyl (OH), carboxylic acid (COOH) and mannose
(C6H12O6) terminal functional groups were used. Protein
adsorption and S-layer formation were characterized by atomic
force microscopy (AFM), while the protein adsorption rate,
protein adsorbed mass per unit area and the viscoelastic
properties of the protein crystal (S-layer) were studied by
quartz crystal microbalance with dissipation monitoring
(QCM-D).

2. Materials and methods
2.1

Materials

QCM-D gold substrates (Q-sense, Gothenburg, Sweden) were
used as substrates. 1-Dodecanethiol, 1-hexanethiol, 11-mercapto
undecanoic acid, 11-mercapto-1-undecanol were purchased
from Sigma-Aldrich. The mannose glycoconjugate, 5,5 0 -dithio
bis(pentyl-a-D-mannopyranoside), was prepared by a synthetic
approach based on Fisher glycosylation.26,27 Ethanol absolute
(99%, Sharlau) and methanol (99.9%, Riedel-de Haen) were
used to prepare thiol solutions. 2% sodium dodecyl sulfate
(SDS) (99%, Fluka) was used as a cleaning solution.
The bacterial cell-surface layer protein, SbpA (molecular
weight, 120 kDa), was isolated from L. sphaericus CCM 2177
according to a reported procedure.28 Protein recrystallization
buﬀer was prepared with 5 mM trizma base (Sigma) and
10 mM CaCl2 (98%, Sigma) and adjusted to pH 9 by titration.
Some experiments were carried out at pH 5 with and without
calcium ions in solution. An aqueous solution of 100 mM
NaCl (Sigma) was used as medium in AFM experiments.
Self-assembly monolayer (SAM) preparation. Gold surfaces
were cleaned in 2% SDS for 30 min, rinsed with ultrapure
water (Barnstead), and dried under a stream of nitrogen.
Afterwards, the substrates were cleaned with a UV/ozone
cleaner (Bioforce Nanosciences) for another 30 min before
the functionalization. All thiol solutions (1 mM) were prepared in
ethanol absolute except the 1 mM mannose glycoconjugate
which was prepared in methanol. The gold substrates were
then immersed in the solutions and left overnight at room
temperature.
S-protein preparation. The S-protein solution was isolated as
explained elsewhere.28 Due to the ability of S-proteins to
self-assemble in solution, the protein solution (1 mg ml1)
was centrifuged at 5000 rpm for 5 minutes to separate the
S-protein monomers from self-assembly products. Just before
the experiments, the supernatant was diluted using the appropriate
amount of recrystallizing buﬀer.
In QCM-D experiments S-protein adsorption was done
in situ. Once SAM substrates were placed inside ﬂow chambers
(Q-sense), and left to equilibrate with water and tris-buﬀer,
SbpA was injected at maximum ﬂow for 40 seconds and left to
11906
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incubate overnight at 23 1C. Finally, the substrates were rinsed
with recrystallizing buﬀer and water in order to remove any
excess of protein. In the experiments, four diﬀerent SbpA
concentrations were used: 0.1 mg ml1, 0.05 mg ml1,
0.025 mg ml1 and 0.0125 mg ml1.
In parallel, S-protein adsorption experiments were carried
out ex situ for AFM. 300 ml of protein solution was deposited
on SAMs in small-volume humidity chambers, and incubated
overnight and at room temperature. Afterwards, the substrates
were rinsed with recrystallizing buﬀer in order to remove
excess of protein.
2.2 Methods
Contact angle. In order to determine the wettability of
the functionalized substrates, sessile-drop experiments were
performed with a contact-angle measurement device (KRUSS
D100, Hamburg, Germany). Millipore water (speciﬁc resistance:
18.2 MO cm) was used as liquid phase. Three drops of water
(2 ml) were deposited on each substrate. Table 1 summarizes
the mean value of the contact angle for the ﬁve investigated
substrates.
Quartz crystal microbalance with dissipation monitoring
(QCM-D). QCM-D (Q-sense E4, Gothenburg, Sweden) was
used to carry out real-time/in situ experiments. QCM-D is a
technique for simultaneous monitoring of the adsorbed mass
per unit area (by changes in resonant frequency) and layer
viscoelasticity (by energy dissipation).29 This sensor consists of
a thin piezoelectric AT-cut quartz crystal with metal electrodes
deposited on each side of the substrate. The quartz crystal can
be excited to oscillate in shear-mode by applying an AC
voltage across the electrodes. The fundamental frequency of
the crystal is 5 MHz.
A widely used model to evaluate the viscoelastic properties
of adsorbed layers is the Kelvin–Voigt model. It relates the
frequency shift (DF) and dissipation changes (DD) to the
thickness, shear modulus and shear viscosity of the forming
layer. The model assumes that the oscillatory quartz plate is
covered by a viscoelastic ﬁlm of uniform thickness and density
that is in contact with a semi-inﬁnite Newtonian liquid under
no-slip conditions. QCM-D curves were analyzed with a
commercial Q-tools program (Q-sense AB, Sweden) where
the adsorbed ﬁlm was modelled as a unique and uniform
Table 1 Contact angle values of CH3C11S, CH3C6S, COOHC11S,
OHC11S, ManC5S functionalized gold substrates. The ﬁve substrates
show diﬀerent hydrophobic behaviour; CH3C11S is the most hydrophobic substrate and ManC5S the most hydrophilic
SAMs

Contact angle/1

CH3C11S

105  1

CH3C6S

100  2

COOHC11S

44  1

OHC11S

10  1

ManC5S

o5
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layer. The overall viscoelasticity of the layers is represented by
the ratio G 0 0 /G 0 of the layer’s loss and storage moduli Gf.
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Gf ¼ G0f þ iG00f
where the storage modulus, G 0 , is the same as ﬁlm’s shear
elasticity modulus obtained by ﬁtting the curves with the
model. The loss modulus, G 0 0 , is calculated as the product of
the sensing frequency (f) and the ﬁlm’s viscosity (Zf) which is
obtained by modeling the ﬁlm as the Kelvin–Voigt viscoelastic
element and corresponds to the ﬁlm’s viscosity at the basic
resonance frequency of 5 MHz.30,31
For the ﬁtting of frequency and dissipation curves the
protein layer thickness and density were kept constant. The
thickness of 15 nm was attributed to a protein bilayer with a
density value of 1.48 g cm3 .32 In this way, the shear modulus
and the shear viscosity of the protein layer were obtained.
Furthermore, if the adsorbed mass is relatively small and the
DD/DF ratio is less than 0.2  106 Hz1 as reported by
Gläsmäster et al.,33 then it is possible to use the Sauerbrey
equation to evaluate the mass per unit area.
Dm ¼ C

DF
n

where Dm represents the surface mass density (ng cm2), C is a
proportionality constant that depends only on the intrinsic
properties of the sensor (17.7 ng Hz1 cm2 for this AT-cut
quartz sensor), DF is the frequency shift, and n is the overtone
number.
Atomic force microscopy (AFM). Atomic Force Microscopy
was performed using a Nanoscope V controller multimode
AFM (Bruker AXS, Santa Barbara, USA). The images were
recorded in tapping mode, at 1 Hz in 100 mM NaCl aqueous
solution at room temperature. Before use, the ﬂuid cell was
washed overnight with 2% SDS, rinsed thoroughly with
ultrapure water, and dried with nitrogen. Silicon nitride
(Si3N4) cantilevers of 0.1 N m1 with sharpened tips (DNPS,
Veeco) and gold-coated back sides were cleaned in ethanol and
acetone before use. The image processing was performed with
the Nanoscope v720 (Bruker AXS, Santa Barbara, USA)
program and free software Image J developed at the National
Institute of Mental Health (Bethesda, USA, http://rsbweb.nih.
gov/ij/download.html).

3. Results and discussion
3.1 Inﬂuence of surface chemistry on SbpA adsorption and
S-layer formation
Fig. 1a presents QCM-D results for SbpA adsorption kinetics
on SAM-modiﬁed gold surfaces where frequency and dissipation
are plotted as a function of time. The graph shows the change
of frequency and dissipation on exposure of hydrophobic
(y = 1051) CH3C11S and hydrophilic (y = 101) OHC11S
SAM layers to protein solution (0.1 mg ml1) and subsequent
rinsing steps.
Since the SAMs are uncharged, the variation in protein
adsorption (related to the variation in frequency) is only
inﬂuenced by surface hydrophobicity. For instance, SbpA
adsorption on hydrophobic CH3C11S (black curve) reaches
This journal is
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its steady state after 1 hour. The variation in frequency
indicates that 98% of the maximum amount of mass per unit
area is adsorbed by this point (see Fig. 1a). In addition, the
increase in dissipation indicates the formation of a softer
protein layer on hydrophobic thiol.
On the other hand, protein adsorption on hydrophilic
OHC11S (grey curve) is a slower process although the ﬁnal
mass uptake per unit area is comparable to that observed on
the hydrophobic substrate. It can be seen that after protein
injection, a small change in frequency (20 Hz) occurs. In the
ﬁrst hour only the 18% of the total mass uptake is seen. This
percentage increased to 40% in the following ﬁve hours,
indicating little protein aﬃnity for the hydrophilic OHC11S
substrate. Simultaneously, the dissipation increases to larger
values (15  106) than the ones obtained on other hydrophilic
substrates, such as silicon oxide.19 The changes in frequency
and dissipation suggest that although there is protein adsorption,
no crystal (S-layer) is formed.
Since QCM-D does not provide topographical information
about the adsorbed protein layer, AFM was used to conﬁrm
the S-layer formation. Fig. 1b and c refers to the protein layer
adsorbed on CH3C11S and OHC11S substrates, respectively.
The 10  10 mm2 images show that the protein layer on the
hydrophobic CH3C11S substrate is more homogenous than
that on the OHC11S substrate. This can be seen from the
surface proﬁle (white curve) and the vertical scale. However,
these large images do not give valuable details about the
nanostructure of the protein layer. A zoom of 1  1 mm2 is
therefore included on both images (located at the bottom right
corner). Small protein crystal domains are only observed on
hydrophobic CH3C11S (Fig. 1b), while only random protein
adsorption can be observed on hydrophilic OHC11S (Fig. 1c).
This result is in agreement with QCM-D measurements: no
protein crystal is formed on the OHC11S substrate.
With numbers: the crystalline area of the S-layer
recrystallized on CH3C11S is 85%, being reduced to 4% on
OHC11S (for a protein sample concentration of 0.1 mg ml1).
Table 2 shows in detail the crystalline area, protein domain
size, adsorbed mass density per unit area and roughness of the
built S-layer on the ﬁve diﬀerent substrates reported in
this work.
A shorter hydrophobic thiol, CH3C6S, was used to study the
inﬂuence of the chain length on S-protein recrystallization.
From Table 2 it can be seen that the crystalline area, protein
domain, adsorbed mass density per unit area and surface
roughness values are similar to the ones obtained when
the longer hydrophobic thiol is the support for S-protein
recrystallization (more details in ESIw).
Additional experiments were carried out with a carboxylterminated thiol, COOHC11S, to study the eﬀect of the surface
charge on S-protein adsorption at diﬀerent pH values. While
changing the pH, both the substrate and protein will
change their net charge; the isoelectric point of SbpA is about
4.69.34
The surface structure of the protein layer at pH 9 and
pH 5 was studied with AFM and it is shown in Fig. 2a and b
(1  1 mm2). The ﬁgures show that in both cases the S-layer is
formed of small protein domains that cover the majority of the
surface (values shown in Table 2).
Phys. Chem. Chem. Phys., 2011, 13, 11905–11913
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Fig. 1 (a) Variation of the frequency and dissipation as a function of time for SbpA adsorption on hydrophobic CH3C11S and hydrophilic
OHC11S substrates. At t = 0 SbpA (0.1 mg ml1) is injected and left overnight until it is rinsed with tris-buﬀer solution. The values at 1 hour and
5 hours after the injection indicate adsorbed protein percentage with respect to the total adsorbed amount. After one hour, 98% of the protein is
adsorbed on the CH3C11S substrate while on OHC11S it is just the 18%. Regarding the variation in dissipation, the protein layer on OHC11S is
softer than on CH3C11S. (b) AFM height image of an S-layer on the CH3C11S substrate. (c) AFM height image of the S-layer on the OHC11S
substrate. 10  10 mm2 images illustrate the general overview of the S-layer while the bottom right insets (1  1 mm2) show more detailed features of
protein recrystallization. The z axis indicates the proﬁle of the S-layer.

Fig. 2c and d show the variation in frequency and dissipation
for SbpA adsorption on COOHC11S at pH 9 and pH 5. In
both cases, the frequency curve (black curve) indicates fast
protein adsorption in a similar fashion as on CH3C11S (the
values for mass per unit area listed in Table 2). However, at
pH 5 the adsorption rate is two times slower than at pH 9. In
fact it is also observed that the initial adsorption rate of SbpA
on COOHC11S at pH 9 is two times faster than on CH3C11S
(more details in ESIw).
The diﬀerences in dissipation curves support the idea that
the pH aﬀects the S-layer formation. It can be observed that
the initial dissipation peak disappears when SbpA is adsorbed
11908
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at pH 5. This eﬀect (that also vanishes at lower concentration,
see ESIw) does not aﬀect signiﬁcantly S-layer formation.
AFM images (Fig. 2a and b) demonstrate that the S-protein
recrystallizes, implying that the recrystallization process might
follow diﬀerent pathways which are pH dependent.
Although the dissipation remains constant during the whole
experiment at pH 5, signiﬁcant variations were observed at pH 9.
One hour after the injection at pH 9, the dissipation reaches
its steady state. At this point, it can be observed that the
dissipation is greater at pH 5 than at pH 9, which implies that
the compliance of the formed S-layer might be slightly higher
at pH 5 than at pH 9. Nevertheless, at pH 9, ﬁve hours after
This journal is
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Table 2 S-layer crystalline area, protein domain size and roughness
measured from AFM images for layers formed on CH3C11S, CH3C6S,
COOHC11S, OHC11S, ManC5S at four diﬀerent concentrations. The
mass uptake per unit area was obtained from QCM-D measurements
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Thiol

[SbpA]/
mg ml1

Crystalline
area (%)

Protein
domain/ Mass/area/ Roughness/
mm2
ng cm2
nm

CH3C11S 0.1
0.05
0.025
0.0125
CH3C6S 0.1
0.05
0.025
0.0125
COOHC11S
pH 9
0.1
0.05
0.025
0.0125
pH 5
0.1
OHC11S 0.1
0.0125

85
69
56
61
73
63
64
64

0.010
0.005
0.004
0.004
0.008
0.006
0.004
0.002

1760
1805
1406
1045
1789
1755
1687
977

1.9
3.2
3.4
3.1
2.3
3.7
3.6
2.8

90
75
61
62
65
4
No crystals

1741
1734
1261
804
1504
1982
248

1.8
1.8
2.7
2.8
1.9
3.8
2.7

ManC5S 0.1
0.0125

18
No crystals

0.009
0.007
0.008
0.007
0.006
0.010
No
domains
0.390
No
domains

2036
230

6.2
2.4

the injection, the dissipation increases considerably until the
system is rinsed with buﬀer.
The increase in dissipation at pH 9 can be understood as a
local variation of viscosity in the vicinity of the S-protein layer

interface. This variation of local bulk viscosity would be
caused by the self-assemblies and aggregates formed from
the excess of protein in solution. A similar eﬀect was observed
also when SbpA (0.1 mg ml1) adsorbed on CH3C11S and
CH3C6S substrates, indicating that this bulk eﬀect might
primarily depend stronger on protein concentration than on
substrate properties.
Experiments were carried out at pH 5 removing the calcium
from the buﬀer. The results show that the protein is adsorbed
and corroborate previous evidence that divalent ions are
essential for protein recrystallization (see ESIw).18
The last of this group of experiments was carried out with a
mannose-terminated thiol, since the natural support for SbpA
is the secondary cell wall polymer (SCWP), composed of
2,3-dideoxydiacetamido mannosamine uronic acid.35,36 Contact
angle measurements indicated that the surface functionalized
with mannose is fairly hydrophilic (y o 51).
The adsorption kinetics of SbpA on ManC5S is faster than
on OHC11S substrates. In this case the mass uptake per unit
area is larger than the values obtained for CH3C11S, CH3C6S
and COOHC11S (see Table 2). Although OHC11S and
ManC5S are hydrophilic substrates, SbpA seems to interact
stronger with the latter.
Furthermore, the dissipation values obtained for SbpA
adsorption on mannose are between the values obtained for
hydrophobic (1  106) and hydrophilic OH terminated
substrates (15  106) shown in Fig. 1a. Complementary
AFM experiments show large crystalline protein domains on

Fig. 2 AFM height images of recrystallized SbpA on COOHC11S at (a) pH 9 and (b) pH 5 (1  1 mm2). (c and d) Frequency and dissipation
curves as a function of time of SbpA adsorption on COOHC11S at (a) pH 9 and (b) pH 5.
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ManC5S substrates, which complied the 18% of the recrystallized area (see ESIw). These measurements also show that
the protein domains on ManC5S are signiﬁcantly larger than
the domains found on OHC11S substrates.
We can conclude that a mixture composed of amorphous
protein and crystalline S-layers is found on ManC5S
substrates. The outcome indicates that there is no speciﬁc
interaction between SbpA and ManC5S like the one existing
between SbpA and SCWP in bacteria; in fact, as AFM results
showed, the majority of the adsorbed proteins could not form
crystalline layers.
Both substrates, OHC11S and ManC5S, have OH groups
distributed diﬀerently, which might be one of the reasons for
dissimilar adsorption kinetics and protein crystal formation.
Hence, OHC11S forms well packed SAMs assuring a
homogenous distribution of hydroxyl groups. This homogeneity cannot be obtained in the case of ManC5S since mannose
is a large molecule that may prevent the formation of a closepacked SAM.
3.2

SbpA concentration eﬀect on the S-layer formation

Fig. 3a and b depict the dissipation and frequency dependence
for four protein concentrations on CH3C11S, CH3C6S,
COOHC11S, OHC11S and ManC5S substrates. In general,
the higher the concentration the larger the adsorbed mass.
However, there is a threshold concentration, 0.05 mg ml1, for
maximum protein adsorption on CH3C11S, CH3C6S,
COOHC11S substrates. In the cases of OHC11S and ManC5S
substrates, the adsorbed mass density increases with the
concentration showing a quasi linear behavior of protein
adsorption, being very low at 0.0125 mg ml1 (Fig. 3a).
Fig. 3b shows the dissipation as a function of protein
concentration. On OHC11S and ManC5S substrates, the
dissipation varies linearly with the concentration. Although
there is protein adsorption no crystal formation is achieved.
It can be observed that on CH3C11S, CH3C6S and
COOHC11S substrates the protein layer dissipates more
energy at concentrations lower than 0.05 mg ml1, due
probably to incomplete layer formation. Above this concentration the dissipation drops, corresponding to the maximum
protein adsorption and the formation of a more rigid layer.
Fig. 4 reports AFM height images of the S-layer structure at
four diﬀerent protein concentrations on CH3C11S substrates.
At the highest concentration (0.1 mg ml1), 90% of the
surface is covered by a crystalline layer. As the concentration
drops, more holes are found between the diﬀerent protein
domains, increasing the surface roughness (see Table 2). This
is also corroborated with the proﬁle analysis (white line) which
shows the presence of various adlayers at 0.025 mg ml1 and
0.0125 mg ml1. In this way it was possible to distinguish
between the thickness of a protein monolayer (about 8 nm)
and a protein bilayer (15 nm). This indicates that SbpA is
adsorbed as a monomer from solution, and not as a dimer.
In addition, the histograms show the decrease in protein
domain size as the protein concentration is diminished, with
0.007 mm2 and 0.003 mm2 being the maximum and the
minimum values respectively.z In the case of the COOHC11S
z These values refer to the most repeated values in the histogram.
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Fig. 3 (a) SbpA adsorbed mass per unit area and (b) dissipation as a
function of SbpA concentration for CH3C11S, CH3C6S, COOHC11S,
OHC11S and ManC5S substrates measured by QCM-D. The black
spots indicate the SAMs where SbpA is recrystallized while the white
spots indicate the surface where SbpA follows diﬀerent adsorption
pathways. (a) 0.05 mg ml1 is the minimum protein concentration
for obtaining the maximum adsorption on CH3C11S, CH3C6S,
COOHC11S. (b) The inset is a zoom of the dissipation values of
CH3C11S, CH3C6S, COOHC11S. The dissipation values correspond to
the ﬁrst ﬁve hours of adsorption.

substrate it is observed that the coverage decreases with the
concentration maintaining the protein domain size constant.
S-layer formation starts through initial nucleation points, at
that moment the substrate protein interaction is crucial.
However, for protein domain growth, protein–protein interactions should be also taken into account. The size of the
protein domains will depend partly on the interplay between
these two driving forces.19 This would be the case for the
COOHC11S substrate: once enough nucleation points are
formed, the protein–protein interaction seems to dominate
over the protein–surface interaction.
3.3 S-layer mechanical properties
This section is devoted to elucidate the mechanical properties
of the adsorbed protein layer. Fig. 5 shows the relationship
between the adsorbed mass per unit area (change in frequency)
and the viscoelastic properties of the protein layer (change in
dissipation). In Fig. 5 the frequency/dissipation (F/D) curves
This journal is
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Fig. 4 AFM height images of the S-layer on the CH3C11S substrate at diﬀerent concentrations: 0.1 mg ml1, 0.05 mg ml1, 0.0125 mg ml1 and
0.0125 mg ml1 with their respective proﬁles. At the bottom of each AFM image are the histograms of protein domain size distribution.
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Fig. 5 (a) Frequency–dissipation curves of hydrophobic CH3C11S
and hydrophilic OHC11S substrates at constant protein concentrations. (b) Frequency–dissipation curves of hydrophobic CH3C11S
for 0.1 mg ml1 (black) and 0.0125 mg ml1 (grey). The time, t1,
indicates the maximum dissipation point that is related with the
self-assembly process of SbpA for 0.1 mg ml1. The F/D curve shown
for CH3C11S corresponds to the ﬁrst ﬁve hours of the adsorption
process while for OHC11S the complete time range is shown.

for protein adsorption on CH3C11S and OHC11S substrates
show clear diﬀerences in the viscoelastic properties. On one
hand, it can be observed that for SbpA adsorbed on the
OHC11S substrate the dissipation increases continuously with
frequency, which means that a soft layer is formed while the
protein is adsorbing on the surface. In fact, AFM images
demonstrate that small crystals are formed but just cover 4%
of the surface. This shows that the mechanical behavior is
related to the ﬁnal protein layer structure.

On the other hand, on CH3C11S substrates the F/D curve
presents another trend. In the ﬁrst part of the curve the
dissipation increases with frequency, reaching a maximum
value (around 60 Hz), followed by a decrease in dissipation
with further protein adsorption. The ﬁrst part may be related
to purely protein adsorption while the second part might be
associated with the formation of the protein layer crystal,
which should dissipate less energy than the single adsorbed
proteins.
Fig. 5b shows the eﬀect of the concentration for protein
adsorption on the CH3C11S substrate. The black line
corresponds to a protein concentration of 0.1 mg ml1 and
has been described in this paper and the grey line refers to a
protein concentration of 0.0125 mg ml1. In this case, the
maximum in dissipation indicates a greater change (50 Hz).
Immediately after the maximum, the protein layer is formed
since there is no subsequent frequency variation (and therefore
no additional protein adsorption). As Table 2 shows, the
adsorbed protein mass per unit area is 60% less than for the
highest protein concentration. This leads to incomplete surface
layer coverage and therefore to an increase of the ﬁnal
dissipation value.
To gain quantitative information about the mechanical
properties the QCM-D measurements were analyzed with
the Voigt model. According to this model, the adsorbed
protein is modeled as a uniform layer; therefore only protein
layers formed on CH3C6S, CH3C11S and COOHC11S
substrates were analyzed. The ﬁtting procedure was only
carried out for the highest concentration (0.1 mg ml1)
considering the ﬁrst ﬁve hours of protein adsorption, making
sure that the frequency variation was constant with time.
Fixed values of protein layer density (1.4 g cm3) and
thickness (14.5 nm or 15 nm)33 were introduced in the
algorithm to obtain the best ﬁt for viscosity and the shear
modulus (the ﬁttings are shown in ESIw).
As it can be seen from Table 3 the viscosity of the S-layer on
CH3C11S and CH3C6S is a little bit higher than the S-layer
viscosity on COOHC11S, which could be related to the
inﬂuence of hydrophobic nature of the support. The shear
modulus of the S-layers does not seem to depend in great
extent of the support (the values oscillate between 0.18 and
0.13 MPa). This fact could mean that once the S-layer
crystal is formed as a bilayer, protein–protein interaction is
playing a main role in the (shear) mechanical stability
of the S-layer, since the protein–substrate interaction diﬀers
due to the diﬀerent charged and hydrophobic nature of the
substrates.
The inﬂuence of the pH on the mechanical properties of
recrystallized SbpA was tested on COOHC11S. According to

Table 3 Density, thickness, viscosity, shear modulus, overall viscoelasticity for SbpA proteins adsorbed on CH3C6S, CH3C11S and COOHC11S
substrates. The values were obtained after ﬁtting the variation of the frequency and dissipation vs. time with the Kelvin–Voigt model. The table
also reports the pH value at which the experiments were carried out
pH
CH3C11S
CH3C6S
COOHC11S

11912

9
9
9
5

Density/ng cm3
1400
1400
1400
1400

Thickness/nm
15
14.6
15
15
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Viscosity/kg m1 s1
(7.4
(7.6
(5.7
(3.3






0.1)
0.2)
0.1)
0.1)






3

10
103
103
103

Shear modulus/Pa
5

Overall viscoelasticity
3

1.8  10  6  10
1.32  105  9  103
1.50  105  6  103
1.14  105  9  103
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Table 3, the viscosity of the adsorbed layer decreases with pH,
whereas it varies from (5.7  103) kg m1 s1 for pH 9 to
(3.3  103) kg m1 s1 for pH 5. A possible explanation for
the drop-oﬀ in viscosity at pH 5 might be the reduction in the
protein adsorbed mass which also aﬀects the crystalline
protein domain size. In addition, a small change is observed
for shear modulus and overall viscoelasticity indicating
that the layers may have similar mechanical properties. The
obtained viscosity, shear modulus (and overall viscoelasticity)
values are comparable with results reported for other proteins
such as lysozyme or mucin.36,37

4. Conclusions
Protein adsorption is faster on uncharged hydrophobic
substrates (CH3C11S and CH3C6S) than on hydrophilic OHC11S
ones. Small S-layer domains were observed on hydrophobic
(CH3C11S and CH3C6S), while on OHC11S substrates the
protein adsorbs without formation of crystalline layers. The
interaction of SbpA with another hydrophilic surface made
out of ManC5S led to partial S-layer recrystallization, but
no speciﬁc carbohydrate/protein interaction was observed.
However, the adsorption rate could be tuned by electrostatic
interactions between the SbpA and COOHC11S substrate by
decreasing the pH from 9 to 5, inducing diﬀerent S-layer
recrystallization pathways.
The protein crystal domain size depends on concentration
and surface chemistry.
For hydrophobic substrates (CH3C11S and CH3C6S) the
crystalline domain area increases with concentration, while
for COOHC11S substrates the domain size does not vary
with protein concentration. Thus, protein–surface interactions
dominate on hydrophobic surfaces at low concentrations,
while for COOHC11S substrates, after the formation of the
nucleation points, protein–protein interactions are predominant.
These experiments also showed that the threshold concentration
for maximum SbpA adsorption on CH3C11S, CH3C6S and
COOHC11S substrates was 0.05 mg ml1. The shear modulus
and the viscosity of the recrystallized S-layer on CH3C11S,
CH3C6S, and COOHC11S substrates were obtained and did
not vary signiﬁcantly with surface chemistry and pH, suggesting
that protein–protein interaction plays a crucial role in the
mechanical stability of the formed S-layer.
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