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A novel protocol to prepare cell probes for the
quantification of microbial adhesion and
biofilm initiation on structured bioinspired
surfaces using AFM for single-cell force
spectroscopy
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We present a novel protocol that uses single-cell force spectroscopy to characterize the
bacteria-to-surface interactions involved in early steps of biofilm formation. Bacteria
are immobilized as a monolayer by electrostatic interactions on a polyethylenimine-
coated silica bead, and the Escherichia coli-bead complex is then glued on a tipless
cantilever. We validated our new protocol by comparing to earlier published methods
using single bacteria, but in contrast to these, which carry out bacterial attachment
to the bead after fixation to the cantilever, our protocol results in more reliable
production of usable cell probes. Measurements of interactions of E. coli with bio-
inspired surfaces by single-cell force spectroscopy yielded comparable detachment
forces to those found with the previous methods.
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1 Introduction

Nearly all surfaces both natural and synthetic, where inter-
faces exist between fluid phases, gas and fluid, or liquid and
solid phases, provide fertile ground for the growth of biofilms.
Biofilms consist of a cellular assemblage, mostly comprising bac-
teria irreversibly attached to a substrate and enclosed in a ma-
trix of extracellular polymeric substances [1]. Examples of their
current beneficial uses in biotechnology include the produc-
tion of chemicals [2] or extracellular enzymes [3, 4]. In con-
trast, however, biofilms are generally considered deleterious in
medicine [1, 5, 6] and in industrial technology [7–9]. Therefore,
efforts are underway to develop anti-adhesive surfaces and coat-
ings for machinery that is susceptible to biofilm growth [10–12].

We focus on the discovery and development of surfaces that
act as biofilm preventives, using biomimetic and bio-inspired
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approaches. Some natural materials that have been investigated
for this purpose include leaf surfaces [13, 14], shark skin [15]
and the cuticles of springtails [16, 17]. The topography of insect
wings [18, 19] has been explored as a potential inspiration for
the generation of synthetic anti-fouling surfaces. We recently
investigated nanostructured surfaces with profiles mimicking
the natural cicada wing, with the aim of ultimately applying it in
industrial processing to reduce biofouling [20].

Because the irreversible attachment of microbes to a surface
constitutes the critical first step in biofilm formation, our studies
focus on elucidating the mechanisms of these early bacterium-
to-surface interactions. To do this, we developed a modular mi-
crofluidic flow cell system in which bacterial adhesion and initial
biofilm formation can be observed under continuous liquid flow
conditions by optical microscopy [20–22].

In addition to these microscopic observations, information
on forces operating at the nanoscale can be derived from single-
cell force spectroscopy (SCFS). Using optical microscopy com-
bined with atomic force microscopy (AFM), by which the deflec-
tion of the cantilever is an indicator of interaction forces [23],
bacteria immobilized on the cantilever are brought into close
apposition with a surface to assess particular interactions [24].

Generally, the cantilever is immersed in a drop of a con-
centrated bacterial cell suspension prior to force measurements
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[25–27]. In an alternative approach, albeit requiring precise
handling by a well-trained operator, a single living bacterium
is taken up from a diluted sample and immobilized on a modi-
fied cantilever [28]. A disadvantage of all of these methods is that
they yield large numbers of unusable probes, and the bacterial
viability and distribution on the cantilever can be determined
only after assembly of the entire probe [27, 29].

In this work, we present a new method that addresses the
aforementioned difficulties in probe production. Here, the pre-
complexed E. coli loaded PEI-bead is glued to the cantilever
(hereafter referred to as “cell probe”). Because they are loaded
onto the bead before attachment to the cantilever, the viability
and distribution of the bacteria can be easily assessed by fluores-
cence microscopy, and only optimally complexed beads chosen
for attachment to the cantilever and subsequent measurement
of force-distance curves.

2 Materials and methods

2.1 Strains and culture conditions

GFP-tagged E. coli SM2029 strain was kindly provided by Søren
Molin (Technical University of Denmark) [30].

Cells from a preculture grown at 30°C in a shaker flask con-
taining 20 g/L LB-medium with 50 mg/L kanamycin (Lennox,
Carl Roth GmbH) for 12–14 h at 50 rpm in a Compact Shaker
KS 15 A (Edmund Bühler GmbH, Germany) were harvested in
the exponential growth phase, washed three times in pH 7.4 PBS
(9 g/L NaCl, 0.98 g/L Na2HPO4·2H2O, 0.16 g/L KH2PO4), cen-
trifuged at 5000 x g and resuspended by vortexing. Finally the
cell concentration was adjusted to OD600 = 5.

2.2 Substrate surfaces

The microstructured surface, hereafter referred to as “struc-
tured” was a porous anodized aluminum oxide membrane with
well-defined surface nanopatterns having pore diameters of
350 ± 20 nm and a pitch of 360 nm fabricated by SmartMem-
branes GmbH using electrochemical precision etching [20]. Pla-
nar aluminum oxide was used as a reference surface (referred to
as the “planar” surface).

2.3 SCFS measurements with PEI-beads carrying
multiple E. coli

Sedimented aminated silica beads (PSI-20.0NH2) were from
Kisker Biotech GmbH, Germany.

To prepare the coating solution, 50 μL of polyethyleneimine
(PEI) (analytical standard; 50% (w/v) in H2O; Sigma-Aldrich
Chemie GmbH, Germany) were added to 5 mL PBS in a
12 mL conical centrifuge tube (VWR International GmbH,
Germany).

Coating of the beads was performed every day just prior
to their use in experiments. For coating, 10 μL of beads were
transferred into coating solution and shaken manually and sub-
sequently horizontally at 150 rpm for 50 min on a Compact

Shaker KS 15 A (Edmund Bühler GmbH, Germany). Next, PEI-
beads were left standing for 5 min to sediment and washed
three times with PBS and gently manually mixed to avoid
agglomeration.

Approximately 10 μL of the PEI-beads were transferred to a
3.5 mL Polystyrene sample tube (Sarstedt AG & Co., Germany)
filled with 1 mL of E. coli suspension (OD600 = 5). The sus-
pension was mixed by inverting the tube a few times. The beads
were then left to sediment for 3 min, the supernatant was re-
placed with 2.7 mL PBS and tube was slowly inverted by hand
for 5 min to avoid detachment of cells. The washing procedure
was repeated three times.

PEI-beads loaded with E. coli (hereafter referred to as “E. coli-
PEI-beads”) were used within 3 h for AFM analysis.

The distribution of GFP-tagged bacteria on the E. coli-PEI-
beads was visualized using Axioplan 2 Imaging (Carl Zeiss Mi-
croscopy GmbH, Germany, Zeiss set 38). To investigate viability
of bacteria in addition samples were stained with propidium io-
dide (2 mg/L) and examined with a LSM 780/FLIM (Carl Zeiss
Microscopy GmbH, Germany, Zeiss sets 38 and 43). Z-stack im-
ages of each of five to seven E. coli-PEI-beads were taken four
times independently and 3D images were generated using the
image processing software arivis Vision4D v. 2.12.3 (Arivis AG,
Germany). The average projection area of a single bacterium
was determined and the ratio of living to dead cells was counted
with Fiji (ImageJ). The coverage of E. coli on PEI-beads [%] was
calculated from the ratio of area occupied by attached bacteria
and bead surface.

E. coli on the PEI-bead and positioning of the cantilever was
observed with a NanoWizard R© II AFM (JKP Instruments) in-
cluding an Axio Observer D.1 fluorescence microscope (Carl
Zeiss Microscopy GmbH, Germany). A V-shaped tipless can-
tilever (PNP-TR-TL-Au (200 μm), NanoWorld AG, Switzer-
land) was assembled in the AFM. The cantilever´s spring con-
stant and the resonant frequency were calibrated by the thermal
noise method according to the user‘s manual [31].

To glue an E. coli-PEI-bead on the cantilever, UHU Plus
Schnellfest (UHU GmbH & Co. KG; Germany) with a curing
time of 5 min was applied.

A thin layer of glue was spread on one third of a coverslip
(24 mm x 24 mm) in a petri dish (diameter 40 mm; VWR
International GmbH, Germany) and positioned under the AFM
head. The cantilever apex was dipped for approx. 5 s in the glue
and pulled sideways towards the clean area of the coverslip to
remove surplus glue.

At the bottom of another petri dish a coverslip
(24 mm x 24 mm) was fixed with UHU Plus Schnellfest and
the microstructured and reference surfaces > 5 mm2 were glued
on top, 3 mL PBS were added, and the assembly was placed under
the AFM head. 10 μL of E. coli-PEI-beads were added at fixed
distances away from the surface. Under the Axio Observer D.1
microscope one of the sedimented beads with a suitable mono-
layer of bacteria was chosen and the cantilever apex was moved
towards it and contact was applied with a force of 10 nN for
30 s. All following steps were performed without removing the
cantilever from the liquid.

The cantilever with the attached E. coli-PEI-bead was trans-
ferred to the substrate with an approach and retraction speed of
10 μm/s. Force-distance curves were recorded using a loading
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Table 1. Cantilever types used in SCFS studies of bacterial adhesion

Cantilever Advantages Disadvantages References

Multiple bacteria
Tipless � offers a large contact area

� simple functionalization and
subsequent immobilization of cells

� Indeterminate number of attached cells may interact with the
surface

[35]

Plateau tip � guarantees a defined contact area
between tip and sample

� large contact area allows variability in the number of bacteria
that can come into contact with the substrate surface

[25, 36]

Single bacteria
Tipless � single cell attachment possible � requires precise handling by a well-trained operator [36]

Plateau tip � choosing a plateau area
corresponding to the size of the cell
enables single cell selection

� focused ion beam bombardment required for the manufacture
of each individual tip

� requires precise handling by a well-trained operator

[37]

Pyramidal tip
(spherical or
sharp)

� established method
� many published protocols describing

the procedure

� a sharp tip may perforate or otherwise damage the cell during
force measurements

[26–28,38]

tipless, with
attached single
bead which is then
loaded with one
cell

� placement of cells at the apex of the tip or the topmost part of
the bead is difficult

� requires precise handling by a well-trained operator

force (F l) of 10 nN and a contact time (tc ) of 10 s, on at least
3 randomly chosen areas, each with 3 × 3 measurement points
33.3 μm apart. After every batch of measurements, the status of
attached cells was checked assessing GFP-fluorescence.

2.4 SCFS measurements with PEI-beads carrying a
single E. coli

A published protocol for cell probe preparation [28] was altered
as follows: 5 μm silica beads PSi-5.0NH2 (Kisker Biotech GmbH,
Germany) were fixed on the cantilever using a UV-curable glue
(Dymax Light Weld

R©
429; Dymax Europe GmbH, Germany),

and the attached beads were coated in a drop of PEI- solution,
rinsed in PBS, and stored under dry conditions. E. coli were used
instead of Lactobacillus plantarum, and the measurements were
done at 10 μm/s approach and retraction speed, with F l = 2 nN
applied and tc= 2 s.

3 Results and discussion

In the following, we present measurements aimed at showing
proof of principle for the cell probe preparation protocol de-
scribed here, by comparing detachment forces required to de-
tach the bacteria(um) presented by either probe type from a
given surface, either structured or planar, as described below.
For both types of preparation, these detachment forces were
measured using SCFS. In SCFS, a laser beam reflected from
the upper side of the cantilever facilitates the transduction of
mechanical cantilever bending into an electrical signal. Deflec-
tion of the cantilever occurs due to attractive or repulsive forces

between the surface and a cell and is a measure for forces in the
nano-Newton range.

3.1 Optimization of cell probe preparation

In Table1, we present a comparison of the advantages and disad-
vantages between different methods that have been described in
the literature for measuring adhesion, primarily of bacteria, by
SCFS using cantilevers of various configurations.

For this study, we chose to work with a setup where the bead
is attached to the tipless cantilever, in part because this allowed
us to turn to established protocols for guidance. In our expe-
riment, however, in contrast to the existing protocols, we used
beads loaded with multiple bacteria instead of single bacteria
(for details see below).

Different approaches for the immobilization of cells on a
cantilever have been described [25–28]. In contrast to receptor-
ligand interactions [23], cells can be immobilized via a wide
range of nonspecific adhesion mechanisms. Cationic adhesives
constituting amine groups such as polylysine [27, 29, 32] or
imines in PEI [25, 26] mediate electrostatic interactions with
negatively charged cell membranes.

Prefabricated amino-functionalized silica beads were found
to produce insufficient binding efficiency to obtain a monolayer
of bacteria (data not shown). To overcome this, beads were coated
with polymeric cationic PEI (Fig. 1).

The 3D image shown in Fig. 1A shows a typical distribution
of E. coli obtained on PEI-beads. On average, 26 ± 8% of the
surface was covered by well-separated bacteria, enabling SCFS-
measurements. Propidium iodide staining showed that after five
to 6 h of storage, 93 ± 3% of the bacteria on the PEI-beads were
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Figure 1. (A) 3D fluorescence
image of E. coli-PEI-beads
(Ø 20 μm) stored for 6 h in PBS.
Living cells appear green, dead
cells appear red.
(B and C) Schematic illustra-
tions and corresponding fluores-
cence images of cell probes: (B)
with a monolayer of E. coli, bead
diameter 20 μm; (C) with a sin-
gle E. coli, bead diameter 5 μm
(according to [28]).

alive, while this had decreased to 75 ± 11% 2 h later (data not
shown).

In accordance with Ong et al. [25], as well as similar data
on Lactobacillus lactis [26], we conclude that PEI provides an
effective bead coating, in that it supports bacterial adherence as
well as survival.

To fix an E. coli-PEI-bead on the cantilever (Fig. 1B) a
2-component epoxy glue was preferred [27]. We chose UHU
Plus Schnellfest because it cures consistently, can be applied in
liquid, leaching of solvents is negligible, and it has no intrin-
sic fluorescence that would interfere with the viability assay.
However, due to its working time of 5 min, a well-structured
experimental plan is required.

In comparison to an earlier protocol [28] (Table 1 and
Fig. 1C), our approach presents multiple advantages. Among
these are that we coat the PEI bead with multiple bacteria before
attachment to the cantilever. This avoids the necessity of picking
cells from a glass surface in liquid, which is made difficult by
E. coli´s moti-lity and lack of sedimentation. Additionally, the
movement of the cantilever towards the bacteria can cause an
unintended flow of the liquid phase and displace cells from the
glass surface [28]. Finally, due to the small size of bacteria, an
AFM operator requires extensive training to be able to pick up

a single bacterium, and if the bacterium is not fixed in the right
position the cell probe has to be rejected [28].

3.2 Principle of SCFS measurements

Typically loading forces (F l) applied in experiments with living
cells are in a range of 0.1 to 30 nN depending on whether sca-
nning or contact AFM mode is used, as well as on the cell type
[31]. We found that F l = 10 nN and tc = 10 s were sufficient to
establish contact to the surface without damaging the E. coli.

In the force-distance curves (Fig. 2) the blue line indicates
the approach of the cell probe toward the surface. Where it
comes into close proximity with the surface, a sudden increase
in measured force is seen. After F l reaches a maximum of 10 nN
(not shown on the curve) and tc has passed, retraction starts,
during which time the detachment force (F d) is recorded (red
line). The difference between the minimum F d and the base line
corresponds to the force required to separate the cell probe from
the surface. In SCFS it is assumed that this force is equivalent to
the adhesion force (F a) [28, 29, 32, 33].

Several types of interactions were observed from the force-
distance curves: (i) sudden (Fig. 2A) or (ii) stepwise (Fig. 2B)
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Figure 2. Force-distance curves
of Fl (blue) and Fd (red). (A)
Sudden rupture from a struc-
tured surface. (B) Stepwise de-
tachment from an unstructured
surface. (C) Stepwise detach-
ment with a rupture length of
several micrometers indicating a
measurement failure.

Figure 3. Scanning electron mi-
croscopy images of (A) planar
and (B) structured aluminum
oxide surfaces. (C) Box–whisker
plots of Fd on the two sur-
faces. Left: unloaded cell probe
(n = 7); middle: cell probe with
a multiple E. coli on a bead (di-
ameter 20 μm) (n = 25); right:
cell probe with a single E. coli on
a bead (diameter 5 μm) (accord-
ing to [28]) (n = 18).

bond ruptures. We speculate that the latter could be caused by
membrane proteins on the bacterial surface, which can vary
in elasticity and therefore influence the detachment behavior
[31, 34]. Rupture length is another parameter used to describe
detachment behavior, where bond ruptures with multiple steps
generally exhibit longer rupture lengths compared to sudden
bond ruptures.

A high number of small rupture events in combination with
an extended rupture length of several micrometers are an indi-
cator of measurement failure [28], in this case (Fig. 2C) due to
detachment of the surface or a defective cell probe.

3.3 Bacterial adhesion in micrometer and nanometer
scale

In previous experiments, which were also carried out on ci-
cada wing-mimicking aluminum oxide surfaces under contin-
uous liquid flow conditions, we saw a reduction in the sur-
face area covered by E. coli on the wing-like surface of up to
87% compared to a control reference surface [20]. Our cur-
rent experiments reveal an explanation for this drastic reduction
in bacterial coverage, in that the structured surface affords a
much smaller area for potential attachment, totaling only 28%
of that present in the non-structured, planar surface (compare

Fig. 3B with 3A). The difference in available surface area is in
accordance with the reduction in bacterial attachment observed
earlier.

In order to measure the attachment force of bacteria to the
structured and unstructured surfaces, SCFS data were collected
on bacterial detachment trials using either unloaded PEI-beads
as a control (blank), or PEI-beads prepared in the traditional
way such that a single bacterium is attached, or PEI beads pre-
pared with our new method where the bead carries multiple
E. coli. These preparations are compared in Fig. 3C, showing
box–whisker plots of their respective F d ’ values.

The unloaded PEI-bead control showed the highest median
F d value (Fig. 3C, left), indicating a strong interaction of the PEI
with the surface, compared to beads that were loaded with bac-
teria using either the previous or the current method. Moreover,
the unloaded PEI-bead displayed a stronger F d on the planar sur-
face than on the structured surface, which has a much smaller
potential contact area than the planar surface (3.8 nN on the
planar versus 3.2 nN on the structured surface).

We went on to compare the binding strengths of the different
cell probes to both surfaces, using either the established method
with single bacterium, or the multiple bacteria-loaded beads
described here.

Surprisingly, although the area covered by bacteria is less in
total on the structured surface (as found previously), we found
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that the adhesion of these bacteria to the surface using either
kind of cell probe, reflected by the F d , is stronger than that on
the smooth surface (a multiple bacteria-loaded bead resulted in
1.8 nN for the structured surface versus 1.5 nN for the planar
surface (Fig. 3C, middle)). The current PEI bead-attachment
protocol yielding single bacteria gave F d values of 1.6 nN com-
pared to 1.0 nN (Fig. 3C, right).

We can exclude the possibility that the F d measurements
might have derived from adhesion between naked areas of PEI
and the surface, because of the lower F d found between both
cell probe types and the surfaces, compared to the naked PEI
bead control reference. If naked PEI had had an influence on the
adhesion in the cell loaded cases, the measurements would have
been expected to be higher.

The relatively large errors in the measurements indicate
that more data are needed (> 50 measurements per surface
point) in order to be able to draw conclusions about the in-
fluence of surface structure on F d and therefore on F a , with
confidence.

Additionally, it should be noted that each measurement com-
paring the differently prepared cell probes on the structured
surface was carried out by necessity on a different area of a rel-
atively heterogeneous surface. This heterogeneity, which can be
clearly seen in Fig. 3B on both the micrometer and the nanometer
length scale, comes about during the etching process, in which
pores are widened, yielding a somewhat irregular distribution of
peaks and holes. This irregularity could lead to a comparatively
large variability in individual measurements, compared to mea-
surements done on the planar surface (blue bars vs. green bars
in Fig. 3) giving a larger spread in the data.

In summary, we have devised an improved method of probe
preparation for the measurement of bacterial adhesion to sur-
faces by SCFS, especially of interest for biofilm-resistance ap-
plications. We find that, although biofilm coverage is hindered
by the wing-like structured surface, the actual binding force
of bacteria, measured either with the traditional PEI-bacteria
coating method, or our new multiple bacteria-loaded PEI
probes, was preliminarily found to be stronger on the wing-like
surface.

Nevertheless adhesion force of bacteria is evidently not the
only important factor, in determining the biofilm preventing
qualities of a surface material. In designing such materials, it will
be helpful to obtain more detailed information on the mecha-
nisms of adhesion involved, and in this regard the SCFS mea-
surements with the cell probes described here will be the subject
of further study.

4 Concluding remarks

Understanding the influence of surface structures on bacterial
adhesion is becoming increasingly important, both to acquire
fundamental data concerning industrial biofilm formation and
to facilitate the development of surfaces with anti-adhesive, easy-
to-clean properties. In this regard, SCFS is an effective tool to
study cell-to-surface interactions in the nanoscale range. Here,
we demonstrated how a PEI-bead can be first loaded with mul-
tiple E. coli and attached to a cantilever, using an easy and re-
producible method, and we have optimized the protocol for its

application showing proof of principle. Importantly, the adhe-
sion forces measured with this new method are comparable to
those obtained with the previous existing protocol. It should
be noted, however, that adhesion forces here are derived from
detachment forces measured after pressing bacteria to the sur-
face and lifting them off, rather than from attachment forces that
must be playing a role in determining initial bacterial interaction
with a given surface. Therefore, in future it will be important to
additionally focus on these attachment forces active during the
approach phase of bacterial adhesion. The results moreover re-
veal interesting aspects of bacterial attachment to the structured
surface.

Practical application

Despite their beneficial uses in biotechnology, biofilms are
generally considered deleterious in various branches of in-
dustrial technology, such as pharmaceutics and food pro-
cessing. To combat this, major efforts are underway to
develop anti-adhesive, easy-to-clean surfaces and coatings
for industrial components that are susceptible to biofilm
growth.

Examples from nature are now serving as an emerging
source of inspiration for solutions to the challenge of pre-
venting biofilm initiation and thus their inhibition. In addi-
tion to macroscopic and microscopic features of biofilms,
an important aspect of our understanding of their forma-
tion must come from nanoscale observations of microbial
behavior in the context of surface structure. Single-cell force
spectroscopy is an effective tool for the elucidation of such
questions.
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at the Biotechnology Center of the TU Dresden. This work was
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Nomenclature

F d [nN] detachment force
F l [nN] applied loading force
F a [nN] adhesion force
tc [s] contact time
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