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The growth of bacterial biofilms in pipes and food tanks causes severe problems in industry. Biofilms growing on medical im-
plants or catheters are of great concern, as they can cause serious infections and decrease the functionality of the medical device.
The prevention of bacterial adhesion—the first step in colonization and biofilm formation—is therefore very important. Cur-
rent research comprises alterations in surface properties, the prevention of adhesin biosynthesis, inhibition with receptor ana-
logs, or the development of anti-adhesive vaccines. We present a new approach that allows us to study bacterial adhesion with
high sensitivity in real-time while testing several different surfaces in parallel. Using the cantilever-array technique we demon-
strate that coating of gold surfaces with mono- or disaccharides results in a reduction of the bacterial adhesion of the biofilm-
forming bacterium Bacillus subtilis NCIB 3610 to these gold surfaces. This reduction in bacterial adhesion is independent of the
studied carbohydrate. Using several mutant strains, we investigate the underlying molecular interactions, and our results sug-
gest that adhesion to gold surfaces is mediated by thiol groups present in proteins of the bacterial cell membrane or biofilm ma-
trix proteins expressed at low levels by the wild-type strain. Furthermore, our data indicate that the adhesion of B. subtilis NCIB
3610 to carbohydrate-coated gold surfaces is facilitated by interactions between carbohydrates installed on the cantilever gold
surface and an exopolysaccharide expressed by this strain. Understanding general and specific contributions of molecular inter-
actions mediating bacterial adhesion will enable its prevention in the future.

The term “biofilm” describes a community of microorganisms
that adhere to a surface. Biofilm architecture is provided by a

self-produced matrix of extracellular polymeric substances
(EPSs), a mix of polysaccharides, proteins, lipids, and nucleic acid
(1). The EPS secreted by the microbial cells makes up to 50 to 90%
of the total organic material in biofilms (2, 3) and provides in-
creased resistance to antibiotics and environmental stresses. Bio-
films can grow on various surfaces and in many different environ-
ments, a phenomenon that constitutes major problems in
industry and medicine (2). Biofouling can lead to material degra-
dation (biocorrosion) (4), and biofilms on surfaces in food pro-
duction enhance the risk for product contamination with patho-
gens (5). Biofilm-associated bacteria on medical implants or
catheters are of great concern because they can cause serious in-
fections and decrease the functionality of the medical device (2).
Therefore, the prevention of bacterial adhesion (6–9) is of great
importance since bacterial adhesion to surfaces is the first step in
colonization, invasion, and biofilm formation (10). One of the
best-studied biofilm-forming organisms is Bacillus subtilis NCIB
3610. Its matrix is composed of an exopolysaccharide produced by
the epsA-O operon (11) and an amyloid fiber-forming protein,
TasA (12). A second biofilm matrix protein, BslA is a self-assem-
bling hydrophobin on the surface of the B. subtilis biofilm (13, 14).
Recent studies on biofilm formation focus on biofilm growth on
solid surfaces or in microfluidic devices (15–20). However, most
of these studies neglect the initial phase of biofilm formation,
namely, the initial attachment or bacterial adhesion to surfaces.
Here, we present a new approach: using a cantilever-based biosen-
sor, we studied the attachment of biofilm-forming bacteria to sur-
faces. Cantilever-based biosensors have been used to study DNA
or protein interactions (21), and it has been shown that carbohy-
drate-protein interactions can be detected with picomolar sensi-

tivity (22). In former studies, we and other groups verified the
suitability of glycan-cantilever array sensors for the detection and
discrimination of different Escherichia coli strains with distinct
mannoside binding properties (23, 24), and the suitability of these
devices for analysis of filamentous fungi growth was demonstrated
(25). The high sensitivity of this approach allows for the detection
of single bacteria binding to the cantilever surface. Due to changes
in surface stress induced upon bacterial adhesion, cantilever
bending can be detected by the deflection of a laser beam. Further-
more, substances secreted by the bacteria alter the surface stress
and with it the deflection signal. Thereby, we can study adhesion
of B. subtilis NCIB 3610 to single cantilevers and investigate the
role of basal EPS expression and secretion for the attachment of
this biofilm-forming B. subtilis.

One means to prevent bacterial adhesion constitutes coating of
different surfaces with glycans or complex glycoproteins (6, 9).
However, if and to what degree sugar motifs vary in their effi-
ciency to reduce bacterial adhesion on hard surfaces remains
poorly understood. Here, we present a detailed study on the ad-
hesion of B. subtilis NCIB 3610 to gold cantilevers. We demon-
strate that coating of these cantilevers with different mono- and
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disaccharides reduces the adhesion efficiency of B. subtilis NCIB
3610, independent of the studied carbohydrate. Furthermore, we
analyze the molecular interaction of the adhesion process in detail,
using several mutant strains lacking the ability to produce distinct
biofilm matrix components. Our data indicate that adhesion of B.
subtilis NCIB 3610 to carbohydrate-coated surfaces is facilitated
by the exopolysaccharide produced by the epsA-O operon.

MATERIALS AND METHODS
Cantilever functionalization. The gold-coated cantilever arrays (Fig.
1A), with eight cantilevers (500 �m by 100 �m by 1 �m) per array, were
purchased from Concentris GmbH, Switzerland. They were cleaned un-
der UV light for 1.5 h in order to remove possible impurities and smooth
the gold surface (26). This step is crucial for the following functionaliza-
tion step as an irregular gold surface can lead to a decrease in cantilever

sensitivity (27). The monosaccharides used in the present study, galactose,
mannose, and the disaccharide lactose, all with an terminal thiol linker
(Fig. 1B), were synthesized as described elsewhere (28). The glycan sam-
ples were diluted to 40 �M in 10 mM Tris buffer (pH 7). For functional-
ization, the gold-coated cantilevers arrays were inserted into microcapil-
laries filled with the thiol-carbohydrate solution. The cantilevers were
incubated for 10 min in these microcapillaries and thereby exposed to the
thiol-carbohydrate solution, enabling the self-assembly of the thiol-car-
bohydrates on the gold surface of the single cantilevers. Please note that
always two cantilevers per array were functionalized with the same carbo-
hydrate (Fig. 1A).

Strains and growth conditions. The B. subtilis strains used in the
present study are presented in Table 1. In preparation for these experi-
ments, bacterial cells were grown overnight in 5 ml of LB medium (Luria/
Miller; Roth), with antibiotic if needed to ensure growth of the selected
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FIG 1 Display of method. (A) Functionalization of the eight single cantilevers of a cantilever array: cantilevers 1 and 2 with galactose, cantilevers 3 and 4 with
mannose, cantilevers 5 and 6 with lactose, and cantilevers 7 and 8 unfunctionalized gold cantilever. (B) Assembly of the monosaccharides (left) and disaccharides
(right), depicted by blue balls, on the gold cantilever surface via their installed thiols (light brown balls). Single bacteria can then adhere to the carbohydrate-
coated gold surface. Note that neither the carbohydrates nor the bacteria are drawn to scale. One bacterial cell is able to establish contact with multiple
carbohydrates. (C) Schematic of the experimental setup. Bacteria are added to the running buffer via a Hamilton syringe. At a constant flow rate, bacteria then
pass by the cantilever array installed in the measurement chamber. Bacterial attachment to the eight single cantilevers leads to cantilever bending that in turn is
detected by a change in laser deflection at the PSD (position sensitive detector). Each cantilever is analyzed with a separate laser; for better visibility, only one laser
beam was drawn. (D) Sample measurement graph. During the first 3 min, the cantilevers are calibrated with buffer. The bacterial sample is then injected and
needs about 4 min to pass the measurement chamber. The phase of bacteria passing the cantilever array is highlighted in light brown. After the bacterial sample
has completely passed the cantilever array, the cantilever is flushed again with buffer. The absolute value of the minimum of the curve, called the maximal
deflection, corresponds to the maximum amount of bacteria being attached to the surface and is depicted by the red line.

TABLE 1 B. subtilis strains used in this study

Strain Description Remaining matrix composition
Antibiotic
(concn [�g/ml]) Reference

NCIB 3610 Wild type Proteins TasA and BslA, exopolysaccharide None 54
CA017 TasA::Kan Protein BslA, exopolysaccharide Kanamycin (50) 18
N24 BslA::Cam Protein TasA, exopolysaccharide Chloramphenicol

(5)
13

ZK3660 EpsA-O::Tet Proteins TasA and BslA Tetracycline
(12.5)

37

BD630 Wild type Unable to form proper biofilm, including exopolysaccharide None 45
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mutant strains according to Table 1, at 37°C and with shaking at 300 rpm.
The overnight cultures are diluted to an optical density at 600 nm (OD600)
of 0.05 and grown until the strains had clearly entered the stationary
phase. The culture was then centrifuged down at a 1,900 relative centrif-
ugal force for 5 min twice and resuspended in the running buffer (100 mM
NaCl, 10 mM Tris [pH 7], 0,005% Tween 20, 1 mM CaCl2). Thus, changes
in the ionic strength (due to a buffer change) that might contribute to the
deflection signal could be excluded. The bacterial cultures were further
diluted to an OD600 of 0.1 for the experiments.

Measurement conditions and analysis. All measurements were per-
formed on the Cantisens research sensor platform (Concentris GmbH)
(Fig. 1C) with integrated an measurement chamber with a 5-�l volume, a
sample volume of 100 �l, and an automated liquid handling system and
temperature control at a stability of 0.01°C. In order to equilibrate the
cantilever array, it was set in the instrument at a flow rate of 0.42 �l/s and
a temperature of 22°C until the thermal drift of the deflection signal of
�0.04 nm/s was constant (29). The flow rate and temperature were then
held constant for all experiments. To prevent fluctuations in the results
due to fabrication variances, the arrays were tested with a heat pulse (22):
cantilever arrays were exposed to a temperature change of 3°C from 22 to
25°C and back. Due to their bimetal nature, the cantilevers bend, resulting
in a deflection signal. Only cantilever arrays where all eight single cantile-
vers showed an identical deflection signal were used. The deflection signal
is read out with an array of eight parallel vertical cavity surface-emitting
lasers in real time. Instrument control and data analysis were performed
using LabView-based software by Concentris GmbH. For data analysis, all
signal curves were corrected for their drift, and the results from identically
functionalized cantilevers were averaged. The start value was set to zero
for each measurement. The absolute value of the minimum of the graph,
which is referred to as maximal deflection (Fig. 1D) for the remainder of
this article, was read out and transferred to an Igor Pro (v4.06) spread-
sheet for data analysis. For the data presented in Fig. 3, the data sets were
first normalized to data obtained from the gold cantilevers and then av-
eraged over all experiments. Three measurements were performed on
three separate days for each wild-type and mutant strain used in the study,
representing a total of 18 experiments for each strain since two single
cantilevers were functionalized with the same carbohydrate. Error bars,
representing the errors of the averaged, normalized values, were calcu-
lated according to Gaussian error propagation.

RESULTS
Adhesion of B. subtilis to gold cantilevers is attributed to pro-
tein-Au interaction. The first step in biofilm formation is the
attachment (adhesion) of single bacteria to a given surface. This
crucial step represents one target to prevent bacterial adhesion
and with it the subsequent infection of a patient. Here, we inves-
tigate the attachment of the well-studied biofilm-forming strain B.
subtilis NCIB 3610 to gold surfaces. Adhesion of bacterial biofilms
to metal surfaces (in pipes or food tanks) causes major problems
in industry (2, 30–33), but how bacteria attach to these metal
surfaces is often unknown. It was shown that several metals have
the ability to interact with thiol groups (34). Thiol groups present
in proteins of the bacterial cell membrane could therefore mediate
the initial attachment of bacteria to these metal surfaces. We chose
gold-coated cantilevers as a model system to study the initial at-
tachment of bacteria. Since gold was reported to have a very high
affinity to thiol groups (34, 35), we assumed to get high deflection
signals due to strong bacterial adhesion using this surface. To de-
tect adhesion of single bacteria to gold surfaces we chose the can-
tilever array technique (see Materials and Methods), since adhe-
sion to several different surfaces can be quantitatively observed in
real-time in parallel with high sensitivity (22, 24). In Fig. 1C and
D, a schematic of the experimental setup and a typical detection

curve is given; after flushing and calibrating the instrument with
buffer, the bacterial sample is injected. For about 4 min bacteria
are passing the cantilever array able to adhere to the single canti-
levers. This induces a surface stress and causes the cantilever to
bend, resulting in the observed deflection signal. The maximum
deflection signal thereby corresponds to the maximum amount of
bacteria being attached to the surface. Once the bacterial sample
has completely passed the array, the instrument is again flushed
with buffer. Since bacteria that only reversibly bind to the cantile-
ver are thereby removed, the deflection signal decreases again to
the value representing irreversible binding of bacteria (Fig. 1D).

In a first experiment, we investigated adhesion of B. subtilis
NCIB 3610 to gold cantilevers (Fig. 2). We obtained a significant
detection signal for bacterial adhesion of this strain to the gold
cantilevers with 270 � 30 nm, as was expected for the used bacte-
rial density (OD600 � 0.1; see Materials and Methods). In a next
step, we wanted to understand how this strain adheres to the gold
cantilevers and what kind of molecular interactions are responsi-
ble for its adhesion. Such molecular interactions can result from
proteins or carbohydrates in the bacterial cell membrane or from
proteins or carbohydrates that are part of the biofilm matrix of B.
subtilis NCIB 3610 and are expressed at low rates in the stationary
growth phase (12, 36). To address this question, we investigated
the binding of several mutant strains in comparison to this wild-
type strain to our gold cantilevers (Fig. 2; see Table S1 in the
supplemental material). While the complete biofilm matrix of
NCIB 3610 consists of two proteins TasA and BslA (12–14), as well
as an exopolysaccharide produced by the epsA-O operon (11), the
mutant strains used in the present study lack one of these matrix
components each (Table 1).

The first mutant strain of NCIB 3610 that we analyzed was a
TasA knockout strain. TasA has been reported to be a fiber-form-
ing protein present in the biofilm matrix of B. subtilis NCIB 3610
(12). We measured a maximal deflection signal for this strain at-
taching to gold cantilevers of 370 � 30 nm. In a second mutant
strain, the biofilm surface layer protein BslA (13, 14) was knocked
out. For this strain we obtained a maximal deflection signal of
290 � 30 nm. Although these two mutant strains were still able to
produce one matrix protein and the exopolysaccharide, in the last
mutant strain, the epsA-O operon necessary for exopolysaccharide
production was knocked out (37), leaving this strain unable to
produce the exopolysaccharide. Interestingly, the maximum de-
flection signal increased to 700 � 90 nm for this strain. This find-
ing indicated that binding of the NCIB 3610 wild-type and mutant
strains to gold surfaces might be mediated by protein-Au interac-
tions. This strong interaction could result from thiol groups (34)
of proteins present in the bacterial cell membrane or being part of
the biofilm matrix. The obtained high maximum deflection signal
of the EpsA-O mutant binding to gold cantilevers furthermore
suggested that exopolysaccharides, present in the wild-type and
TasA and BslA knockout strains but absent in the EpsA-O mutant
strain, could interfere with this strong protein-Au interaction, re-
sulting in a decrease of the bacterial adhesion by 38%.

Carbohydrates reduce adhesion of B. subtilis NCIB 3610 to
gold cantilevers. We have observed that a mutant strain that is
unable to produce an exopolysaccharide bound significantly bet-
ter to gold cantilevers compared to wild-type and mutant strains
producing this exopolysaccharide (Fig. 2). This observation indi-
cated that carbohydrates such as the exopolysaccharide being a
part of the biofilm matrix of this B. subtilis strain could interfere
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with the protein-Au interaction and therefore reduce bacterial
adhesion. To test this hypothesis, we additionally functionalized
the pure gold cantilevers with different mono- and disaccharides.
For reproducibility, two of eight single cantilevers were function-
alized in the same way (Fig. 1A). Functionalization of the different
carbohydrates on the gold top surface of the single cantilevers is
achieved by installing a terminal thiol (28) on the carbohydrate.
The carbohydrates then self-assemble on the gold top-side of the
single cantilevers and can interact directly with the adhering bac-
teria (Fig. 1B).

We investigated adhesion of the biofilm-forming B. subtilis
wild-type strain NCIB 3610 to these carbohydrate-coated gold
cantilevers (Fig. 3; see Table S2 in the supplemental material). We
chose the monocarbohydrates galactose and mannose because
they represent sugars that many bacterial species can metabolize,
as well as the disaccharide lactose since it represents a sugar often
used in the food industry. In addition, we were also interested in
addressing the question of whether bacterial adhesion differs for
mono- and disaccharides. Studying the wild-type strain NCIB
3610, we found that adhesion of this strain to the carbohydrate-
coated gold cantilevers was further decreased by 23% in compar-
ison to the pure gold cantilevers (Fig. 3B), supporting our hypoth-
esis that carbohydrates can reduce bacterial adhesion to gold
surfaces. In addition, the binding efficiency was similar for the
different carbohydrates tested, indicating that the reduction of
bacterial adhesion to gold cantilevers can be achieved by mono-

and disaccharides in the same way. Studying our mutant strains,
we obtained a similar reduction of bacterial adhesion on carbohy-
drate-coated cantilevers in comparison to the wild-type strain,
with 16 and 15% for TasA and BslA knockout strains, respectively
(Fig. 3C and D). In summary, our data support the conclusion
that adhesion of B. subtilis NCIB 3610 to gold cantilevers is re-
duced by additional coating of these cantilevers with different car-
bohydrates.

Bacterial adhesion to carbohydrate-coated cantilevers is fur-
ther reduced in a mutant strain unable to produce an exopoly-
saccharide. We had seen that functionalization of gold cantilevers
with different mono- and disaccharides resulted in a decrease of
the bacterial adhesion (Fig. 3B, C, and D). In a next step, we
wanted to address the question whether a mutant strain unable to
secrete an exopolysaccharide as a biofilm matrix component (37)
could be further affected in its adhesion to these carbohydrate-
coated gold cantilevers. Indeed, this EpsA-O knockout mutant
revealed the strongest reduction in bacterial adhesion, that is, a
decrease by 44% (Fig. 3E) compared to the wild-type strain (23%)
(Fig. 3B) or the two mutant strains TasA and BslA (16 and 15%,
respectively) (Fig. 3C and D). The reduced ability of the EpsA-O
knockout mutant to bind to carbohydrate-coated gold cantilevers
could be explained by the absence of carbohydrate-carbohydrate
interactions (38–44) between the exopolysaccharide and the car-
bohydrates on the cantilever surface. To test this hypothesis, we
studied a different wild-type strain, namely, BD630 (45), a deriv-
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ative of B. subtilis 168 that has the same ancestor as NCIB 3610, the
so-called Marburg strain (46). B. subtilis 168 is not able to produce
a proper biofilm matrix compared to NCIB 3610 due to several
mutations and the lack of a plasmid required for biofilm forma-
tion (46). Since this strain lacks a proper biofilm matrix, especially
the exopolysaccharide produced by the epsA-O operon, it can
serve as a negative control. We find that similar to the EpsA-O
knockout mutant, the reduction of bacterial adhesion to carbohy-
drate-coated gold cantilevers compared to the pure gold cantile-
vers was 40% (Fig. 3F). This finding supports our hypothesis that
binding of B. subtilis NCIB 3610 to carbohydrate-coated gold can-
tilevers is facilitated by carbohydrate-carbohydrate interactions
between the carbohydrates on the cantilever surface and the ex-

opolysaccharide produced by this biofilm-forming bacterium.
The remaining 60% binding efficiency can be attributed to carbo-
hydrate-carbohydrate or carbohydrate-protein interactions me-
diated by carbohydrates or proteins on the bacterial cell mem-
brane.

DISCUSSION

We presented here a new approach for investigating bacterial ad-
herence to different surfaces in real-time using the cantilever array
technique. Focusing on the attachment of biofilm-forming bacte-
ria, we found a strong adherence to gold cantilevers that might be
explained by thiol-gold interactions (34) between the thiol groups
of proteins present in the bacterial cell membrane or the biofilm
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matrix proteins expressed at low levels in the stationary phase and
the gold surface on the single cantilevers. Interestingly, adherence
to gold cantilevers was most pronounced in a mutant and wild-
type strain unable to produce an exopolysaccharide being part of
the biofilm matrix (37, 45). This indicated that attachment of the
biofilm-forming bacterium B. subtilis NCIB 3610 to gold surfaces
was reduced by carbohydrates produced and secreted by this
strain. To investigate whether carbohydrates are indeed able to
reduce bacterial adhesion to gold surfaces, we coated our gold
cantilevers with mono- and disaccharides and found that adhe-
sion of B. subtilis NCIB 3610 to these carbohydrate-coated gold
cantilevers was clearly reduced (Fig. 3), independent of the carbo-
hydrate studied. The ability of carbohydrates to reduce bacterial
adhesion to hydrophobic surfaces has been previously shown for
complex glycoproteins such as mucin (6). Mucin is thereby
thought to bind via a peptide backbone to hydrophobic surfaces,
whereas hydrophilic oligosaccharide clusters stick out (6, 47). Our
approach, reducing bacterial adhesion by coating of gold surfaces
with mono- or disaccharides, has similar properties. First, our
carbohydrates are bound via thiol groups to the hydrophobic gold
surface and, second, mono- and disaccharides are exposed and
able to interact with the bacterium. As described for mucin, we
observed a reduction in bacterial adhesion when we coated our
gold cantilevers with these carbohydrates, demonstrating that
even mono- and disaccharide coating of hydrophobic surfaces can
lead to a considerable reduction of bacterial adherence. Therein
lies one important advantage of our approach since the extraction
and purification of complex glycoproteins is no longer necessary.
The technical approach presented here can be seen as a simple
model system to study the reduction of bacterial adherence. Fur-
thermore, the possibility to analyze bacterial adhesion to several
surfaces in parallel, while studying different bacterial strains, al-
lows for investigations of interactions mediating the bacterial ad-
hesion. Carbohydrate-protein interactions are present in a wide
range of biological relevant processes, such as bacterial infection
or cell adhesion (48–50). One biologically important carbohy-
drate-protein interaction is the specific binding of carbohydrates
to transport proteins in the bacterial cell membrane. After analyz-
ing our different wild-type and mutant strains, we cannot attri-
bute their adhesion to carbohydrate-coated gold cantilevers to
specific interactions with carbohydrate transport or uptake sys-
tems, since B. subtilis does not possess transport systems for galac-
tose or lactose (51, 52). It does possess a transport system for
mannose (53), but since the binding strength to mannose-coated
cantilevers is not significantly increased compared to the other
two carbohydrates, we can exclude specific carbohydrate-trans-
port system interactions as a major cause for adherence of the
studied wild-type strain to our carbohydrate-coated cantilevers.
We rather attribute the general bacterial adherence of this strain to
unspecific interactions between carbohydrates or proteins in the
bacterial cell wall and the carbohydrates on the cantilever surface.
A mutant strain and a wild-type strain unable to produce one
biofilm matrix component, namely, the exopolysaccharide (37,
45), were significantly reduced in their adherence to carbohy-
drate-coated gold cantilevers. This observation indicated that car-
bohydrate-carbohydrate interactions may facilitate the initial at-
tachment of the biofilm-forming strain B. subtilis NCIB 3610, in
this case by the interaction of the exopolysaccharide consisting of
N-acetylgalactose, glucose, and galactose (36) and the carbohy-
drates on the cantilever surface. Carbohydrate-carbohydrate in-

teractions were found to contribute to adhesion and recognition
of eukaryotic cells (41, 43, 44), and adhesion forces with up to 300
piconewtons (38, 39) were detected. For bacteria, evidence for the
existence of biologically significant carbohydrate-carbohydrate
interactions is lacking. Still, bacteria could use carbohydrate inter-
actions for the initial attachment to carbohydrate-coated surfaces.
Understanding the underlying molecular interactions mediating
bacterial adhesion will allow us to prevent bacterial infections in
the future by suppressing bacterial attachment in the first place.
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