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ABSTRACT Single-cell force spectroscopy is a powerful atomic force microscopy modality in which a single living cell is
attached to the atomic force microscopy cantilever to quantify the forces that drive cell-cell and cell-substrate interactions.
Although various single-cell force spectroscopy protocols are well established for animal cells, application of the method to in-
dividual bacterial cells remains challenging, mainly owing to the lack of appropriate methods for the controlled attachment of
single live cells on cantilevers. We present a nondestructive protocol for single-bacterial cell force spectroscopy, which combines
the use of colloidal probe cantilevers and of a bioinspired polydopamine wet adhesive. Living cells from the probiotic species
Lactobacillus plantarum are picked up with a polydopamine-coated colloidal probe, enabling us to quantify the adhesion forces
between single bacteria and biotic (lectin monolayer) or abiotic (hydrophobic monolayer) surfaces. These minimally invasive
single-cell experiments provide novel, to our knowledge, insight into the specific and nonspecific forces driving the adhesion
of L. plantarum, and represent a generic platform for studying the molecular mechanisms of cell adhesion in probiotic and
pathogenic bacteria.
INTRODUCTION
Studying the molecular mechanisms of bacterial adhesion is
critical to our understanding of bacterial-host interactions.
Bacterial adhesion results from a complex interplay of
physicochemical forces, that can be either specific (recep-
tor-ligand interactions) or nonspecific (hydrophobic and
electrostatic interactions) (1). Although various macro-
scopic assays are available to investigate microbial adhe-
sion, these approaches probe large ensembles of cells and
do not provide information on the fundamental forces
driving cell adhesion. Consequently, there is a growing
need for methods that can quantify bacterial adhesion forces
on a single-cell basis (2,3). Such single-cell techniques
would be of great help to refine our perception of cellular
heterogeneity, and to reveal otherwise invisible adhesive
mechanisms (4).

Probiotic bacteria, which mostly belong to the Gram-
positive lactic acid bacteria group, offer exciting prospects
in medicine owing to their ability to induce various benefi-
cial health effects (5,6). Among these, Lactobacillus planta-
rum is a promising candidate in view of its ability to survive
several days in the human gastrointestinal tract (7), and to
adhere to human mucosa in vitro (8). Positive health effects
of probiotics are thought to be related to their ability to
attach to epithelial cells and mucus. Therefore, the efficient
use of probiotics requires a detailed understanding of their
adhesive interactions toward inert and living surfaces. These
interactions are determined by the main macromolecules
that constitute the bacterial cell wall, i.e., peptidoglycan,
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proteins, and glycopolymers such as polysaccharides
and teichoic acids (5,9). Although much is known about
the structure and synthesis of these constituents in
L. plantarum, the extent to which they contribute to bacterial
adhesion, particularly host interactions, is poorly under-
stood. Accordingly, there is much interest in measuring
the molecular forces driving the adhesion of L. plantarum
to biotic and abiotic surfaces. In probiotic research, such
experiments have great promise for the screening of strains
exhibiting enhanced adhesive properties and health effects.

In addition to being used as an imaging tool, atomic force
microscopy (AFM) is being increasingly applied to quantify
the interactions of biological systems, over scales ranging
from single molecules to whole cells (10–13). In the past
years, there has been considerable progress in the use of
single-cell force spectroscopy (SCFS) to quantify cell-cell
and cell-solid interactions (10–15). The general idea is to
replace the tip of the AFM cantilever by a living cell that
is then used to measure interactions toward other cells or
substrates (14,15). Several techniques have been developed
to attach cells onto cantilevers, including the use of specific
receptor-ligand interactions (16), electrostatic (17,18) or
hydrophobic (19) interactions, glue (20), or chemical fixa-
tion (21). However, none of these methods enable true, reli-
able single-bacterial cell analysis for at least one of the
following reasons: i), the cell-cantilever bond is too weak,
leading to cell detachment; ii), the use of chemicals or dry-
ing leads to cell surface denaturation and/or cell death; iii),
multiple cells are often attached and probed together,
meaning reliable single-cell analysis is not accessible. An
interesting approach to solve these problems is the use of
cantilevers modified with colloids or beads. For instance,
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Lower and co-workers (22,23) attached bacteria-coated
beads to cantilevers to measure the forces between living
Shewanella oneidensis bacteria and goethite. In this method,
the bead is covered with multiple bacteria, meaning single-
cell analysis is difficult to guarantee. Also exciting is the
recently developed fluidFM, which uses hollow cantilevers
for local liquid dispensing and manipulation of single living
cells under physiological conditions (24). FluidFM is
currently able to manipulate bacterial cells (25), but its
application to bacterial force measurements is not yet fully
established.

In this work, we report a noninvasive method for the
SCFS analysis of individual bacteria, which combines
colloidal probes cantilevers (26) and bioinspired poly-
dopamine adhesive (27). We show that the use of polydop-
amine-coated colloidal probes is a simple, versatile platform
for the controlled attachment of single bacterial cells on
AFM cantilevers, and for quantifying their adhesive interac-
tions toward various surfaces (alkanethiol monolayers,
lectin monolayers). The results emphasize the important
roles of nonspecific (hydrophobic) and specific (glycopoly-
mer-lectin) interactions in mediating the adhesion of
L. plantarum. We expect that this SCFS method will be a
valuable tool in biomedical research for understanding the
molecular interactions between bacteria (probiotics, patho-
gens) and host cells.
MATERIALS AND METHODS

Microorganisms and cultures

L. plantarum NZ7100 cells were grown in Mann-Rogosa-Shape broth

(Difco) at 30�C without agitation. Overnight cultures were diluted in fresh

media to an OD600 nm of 0.1. The cells were harvested in the exponential

growth phase (4 h at 30�C), and washed 3 times in acetate buffer. For

cell probe preparation, 50 mL of a 100-fold diluted solution were transferred

to a glass petri dish.
Preparation of cell probes

Using a Nanoscope VIII Multimode AFM (Bruker, Santa Barbara, CA),

triangular shaped tipless cantilevers (NP-O10, Microlevers, Veeco

Metrology Group) were slowly immersed in a very thin layer of ultraviolet

(UV)-curable glue (NOA 63, Norland Edmund Optics) spread on a glass

slide, and slowly brought into contact with a silica microsphere (6.1 mm

diameter, Bangs Laboratories). After 3 min of contact, the colloidal probe

was cured for 10 min under a UV lamp. The cantilever was then immersed

for 1 h in a 10 mM Tris Buffer solution (pH 8.5) containing 4 mg/mL dopa-

mine hydrochloride (99%, Sigma). The probe was then washed and dried

under N2. Using a Bioscope Catalyst (Bruker), the colloidal probe was

brought into contact with an isolated cell for 3 min, and the obtained cell

probe was then transferred without dewetting over a solid substrate for

further force measurements.

Viability of attached bacteria was tested using a LIVE/DEAD Baclight

Viablility Kit (Invitrogen, kit L7012). Prior attachment, 2 mL of a 1:1

Syto 9/IP mixture at 1.5 mM were added to a 50 mL cell suspension, mixed

thoroughly, and incubated for 15 min in the dark. The labeled cells were

then attached to polydopamine colloidal probes or substrates, and their

viability checked using a Zeiss Axio Observer Z1 equipped with a
Hamamatsu camera C10600. Dead bacteria attached onto polydopamine

substrates were obtained by immersing them for 1 h in isopropanol.
Substrate preparation

To prepare hydrophobic and hydrophilic substrates, clean glass coverslips

coated with a thin layer of gold were immersed overnight in a 1 mM solu-

tion of 1-dodecanethiol or 11-mercapto-1-undecanol (Sigma), rinsed with

ethanol, and dried under N2. Lectin-coated substrates were obtained by

immersing gold-coated coverslips overnight in an ethanol solution contain-

ing 1 mM of 10%mercaptododecahexanoic acid/90% 11-mercapto-1-unde-

canol (Sigma), rinsed with ethanol, and dried with N2. Substrates were then

immersed for 30 min into a solution containing 20 g/L N-hydroxysuccini-

mide (NHS) and 50 g/L 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

(EDC) (Sigma), rinsed 5 times with MilliQ water (Millipore), incubated

with 0.2 mg/mL of Concanavalin A (ConA) for 1 h, rinsed further with

acetate, and then immediately used.
AFM

AFMmeasurements were performed at room temperature (20�C) in sodium
acetate buffer—supplemented with Ca2þ and Mn2þ at 1 mM for experi-

ments with ConA lectins—using a Bioscope Catalyst AFM (Bruker AXS,

Santa Barbara, CA). Force-distance curves were obtained by recording mul-

tiple force curves in different locations, using a maximum applied force of

250 pN and a constant approach and retraction speed of 1000 nm.s�1. For

mannoside blocking experiments, a concentrated methyl a-D-mannopyra-

noside solution (Sigma) was injected into the AFM chamber to reach a final

concentration of 200 mM.
RESULTS AND DISCUSSION

Cell probe preparation

Marine mussels produce adhesive proteins that strongly
bind to solid surfaces in aqueous environments, owing to
the presence of the unusual amino acid 3,4-dihydroxy-L-
phenylalanine (dopa) (27,28). Mussel-inspired polydop-
amine films have recently attracted much interest for the
design of adhesive interfaces and materials (29,30). In the
AFM context, Kang and Elimelech (31) used polydopamine
for attaching bacterial cells onto AFM cantilevers for
SCFS experiments. Although this approach is an important
improvement to earlier methods, it does not offer a precise
control of the cell-substrate contact area. Given the small
size of bacteria and the tilted orientation of the cantilever,
the controlled immobilization of single cells on the
same given area of the cantilever ends is difficult; this leads
to a lack of control of the interacting area, and sometimes
even to a direct contact between the cantilever and the
substrate.

We therefore combined the polydopamine method with
the use of colloidal probes of large, well-defined geometry
(26) (Fig. 1). Colloidal probe cantilevers were produced
by attaching silica microspheres (~6 mm) to tipless cantile-
vers using a UV-curable glue (Fig. 1, step 1). Colloidal
probes were coated with a thin polydopamine film. Using
an integrated AFM-inverted optical microscope, polydop-
amine probes were then approached toward single bacterial
Biophysical Journal 104(9) 1886–1892



FIGURE 1 Single-bacterial cell force spectroscopy using colloidal probe

cantilevers combined with bioinspired polydopamine polymers. The

method involves three main steps, i.e., preparation of the colloidal probe,

controlled immobilization of a single cell, and force-distance curve mea-

surements (see text for details).

FIGURE 2 Use of polydopamine-colloidal probe guarantees reliable,

single-live cell experiments. (a) Fluorescence images of Lactobacillus

plantarum bacteria labeled with the Baclight LIVE/DEAD stain and

attached onto polydopamine-coated substrates: comparison of native cells

(left) and of cells killed with isopropanol (right). (b) Fluorescence images

of bacterial cells labeled with the Baclight LIVE/DEAD stain, attached

onto polydopamine-coated cantilevers and imaged either immediately

(0 min, top) or after 60 min of force measurements (bottom): comparison

of the colloidal probe cantilever method developed here (left) and of the

conventional tipless cantilever approach (right).
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cells deposited on a glass petri dish in buffer, kept in contact
for 3 min, and withdrawn (Fig. 1, step 2). The obtained cell
probes were directly used for SCFS measurements (Fig. 1,
step 3), although avoiding dewetting as this may cause
cell detachment or cell surface denaturation. Because single
cells are precisely attached in the center of the colloids, this
method guarantees reliable and reproducible single-cell
force measurements.

To confirm that the polydopamine-colloidal probe
method is nondestructive, cells were labeled with the
Baclight LIVE/DEAD stain, in which living bacteria exhibit
green fluorescence, whereas dead bacteria are red. Fig. 2 a
shows that most bacteria attached onto a polydopamine-
coated substrate were alive (green), whereas bacteria
attached onto the same polydopamine substrate but treated
with isopropanol were dead (red). Fig. 2 b (left) reveals
that single-bacterial cells attached onto polydopamine-
colloidal probes were alive even after 60 min measurements,
whereas bacteria attached directly onto tipless cantilevers
were generally killed (Fig. 2 b, right). Although the reason
for this difference is not known yet, a possible explanation is
that bacteria in direct contact with the cantilever may be
more subject to heating by the laser beam of the AFM opti-
cal detection system. Hence, besides affording much better
control of the cell-substrate interaction area, the polydop-
Biophysical Journal 104(9) 1886–1892
amine-colloidal probe method guarantees that the cells
remain alive during the course of the experiment.
Quantifying hydrophobic forces

Hydrophobic forces represent one of the driving forces for
the adhesion of bacteria to surfaces and tissues (32). To
assess whether this indeed applies to L. plantarum, multiple
force curves were recorded between bacterial cells and hy-
drophobic surfaces. Fig. 3, a and b, show the adhesion force
histogram with representative force curves, and the rupture
length histogram recorded at a short contact time (<100 ms)
between single L. plantarum cells and methyl-terminated
self-assembled monolayers (SAMs). All curves showed
large adhesion forces (from 250 to 2500 pN) with multiple,



FIGURE 3 SCFS quantifies hydrophobic inter-

actions between Lactobacillus plantarum and solid

surfaces. (a) Adhesion force histogram with repre-

sentative force curves and (b) histogram of rupture

distances recorded in buffer at a short contact time

(<100 ms) between single bacterial cells and

hydrophobic, methyl-terminated monolayers. The

data shown correspond to a total of 1000 force

curves obtained from three independent experi-

ments (different cell probes and different sub-

strates). (c) Adhesion force histogram with

representative force curves and (d) histogram of

rupture distances recorded in buffer between single

bacterial cells and hydrophilic, hydroxyl-termi-

nated monolayers. The data shown correspond to

a total of 1000 force curves obtained from three

independent experiments. (e) Adhesion force his-

togram with representative force curves and (f)

histogram of rupture distances recorded in buffer

between polydopamine-coated colloidal probes

and Hydrophobic, methyl-terminated monolayers.
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sequential peaks and extended rupture lengths (from 150 to
600 nm). The general features of the curves did not substan-
tially change when recording consecutive force curves (up
to several hundred), or when probing different cells or sub-
strates, supporting the notion that force measurements did
not lead to cell surface alteration. These cell-adhesion signa-
tures are reminiscent of those observed on animal cells (15)
and indicate that bonds that have been formed between the
substrate and the cell break sequentially until the cell has
completely separated from the surface. The maximum
downward force exerted on the cantilever is referred to as
the adhesion force (measured relative to the base line) and
used to build the adhesion force histogram, whereas the
last rupture peak is used to generate the rupture length
histogram.

We believe that the measured adhesion forces reflect
hydrophobic interactions between the substrate and cell sur-
face proteins for the following reasons: i), the extended
rupture lengths and multiple force peaks are consistent
with the stretching and unfolding of cell surface proteins;
by contrast, peptidoglycan that forms fairly compact, stiff
structures is not expected to show such extensions (33);
ii), unlike proteins, glycopolymers are hydrophilic in nature,
thus not expected to strongly bind to hydrophobic surfaces;
iii), large, multipeak force signatures were never observed
on hydrophilic hydroxyl-terminated SAMs (Fig. 3, c
and d); rather, force curves recorded on hydrophilic
substrates showed single, well-defined force peaks of
~200 pN magnitude and 250–500 nm rupture length that
we attribute to glycopolymer stretching; iv), control exper-
iments between polydopamine-coated beads and hydropho-
bic SAMs (Fig. 3, e and f), never exhibited multipeaks
typically observed with stretched proteins, but only single,
sharp adhesive events with very short extensions. Similar
Biophysical Journal 104(9) 1886–1892
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polydopamine signatures were observed when the cells were
not well centered on the probe or weakly immobilized. In
light of these observations, we suggest that the large adhe-
sion force profiles are associated with the binding and
unfolding of hydrophobic domains from cell surface-associ-
ated proteins. As observed for the pathogen Candida
albicans (34), the force-induced unfolding of protein
domains may lead to extended conformations in which
hydrophobic groups are freshly exposed and favor hydro-
phobic interactions toward biotic and abiotic surfaces. In
view of the large cell-substrate contact area and of the force
magnitude, it is likely that the complex adhesion profiles
reflect the simultaneous stretching of multiple proteins.
Measuring glycopolymer interactions

Glycopolymers (teichoic acids, polysaccharides) on the
surface of probiotic bacteria play important physiological
roles, including controlling cell morphogenesis, and medi-
Biophysical Journal 104(9) 1886–1892
ating cellular recognition and adhesion, e.g., via lectin bind-
ing (3,4). To probe the glycopolymer properties (adhesion,
extension) of L. plantarum, we recorded force curves
between single bacterial cells and substrates coated with
ConA, a lectin that specifically binds the glucose (or
mannose) residues contained in glycopolymers (35). As
shown in Fig. 4, a and b, most curves (92%) recorded at a
short contact time (<100 ms) showed no adhesion. At first
sight this seems surprising as i), glucose-rich glycopolymers
that decorate the bacterial cell surface are expected to
bind to ConA, and ii), SMFS with ConA tips detected sub-
stantial amounts of glucose (or mannose) residues on the
L. plantarum surface (35). However, this discrepancy can
easily be explained by the contact time, which in SCFS ex-
periments dramatically enhances specific interactions (15).
For animal cells, the idea is that single receptor-ligand pairs
initially anchor the cell to a substrate or another cell, after
which these molecular bonds generally increase with time
and undergo modifications to greatly increase the total
FIGURE 4 SCFS measures the specific interac-

tions between Lactobacillus plantarum cell surface

glycopolymers and lectin surfaces. (a and c) Adhe-

sion force histograms with representative force

curves and (b and d) histograms of rupture dis-

tances recorded in buffer between single bacterial

cells and lectin monolayers, using a contact time

of either <100 ms (a and b) or 1 s (c and d). The

fit on the top curve of panel c shows that elongation

forces were well described by an extended freely

jointed chain model with a Kuhn length of

0.4 nm and a segment elasticity of 1 N/m: x(F) ¼
Lc [coth (Flk/kbT)- kbT/Flk] [1 þ nF/ksLc], where

Lc and lk are the contour length and Kuhn length

of the molecule, n and ks the number of segments

and their elasticity, kb is the Boltzmann constant,

and T the absolute temperature. The line on the

histogram of panel c is a Gaussian fit to the data.

(e and f) Same measurements performed with a

contact time of 1 s, following blocking with

200 mM methyl a-D-mannopyranoside. The data

shown for every condition (a and b, c and d, e

and f) correspond to a total of 1000 force curves

obtained from three independent experiments

(different cell probes and different substrates).
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strength of adhesion (15). Consistent with this behavior,
Fig. 4, c and d, show that increasing the contact time to
1 s dramatically changed the force profiles: a large fraction
(49%) of the curves displayed single or multiple adhesion
forces, of 251 5 146 pN mean magnitude (mean 5 SD;
total number of force curves ¼ 1000 from three different
cell probes and substrates), along with elongation forces
and rupture lengths ranging essentially from 25 to
250 nm. The force signatures did not substantially change
when recording consecutive force curves, or when probing
different cells or substrates. The observed time-dependency
suggests that formation of lectin bonds is much slower than
hydrophobic bonds, for which full binding was achieved
within <100 ms (Fig. 3 a). Earlier SMFS studies have
shown that lectin-sugar complexes rupture at forces around
30–60 pN at fairly similar loading rates (36–38). Therefore,
we attribute the ~250 pN forces to the simultaneous detec-
tion of multiple ConA-glucose interactions. Finally, we
assessed the specificity of the recognition events by
blocking the cell surface with free a-methyl mannoside.
Fig. 4, e and f, show that treatment of the cells with manno-
side led to a much lower frequency of adhesion events (from
49% to 28%), confirming they are associated with specific
glucose/mannose binding events.

The glycopolymers detected here are likely to consist of
cell surface polysaccharides because i), elongation forces
were well described by an extended freely jointed chain
model (Fig. 4 c); ii), the extended rupture lengths are in
the range of those observed by SMFS on bacterial cell sur-
face polysaccharides, including those from the probiotic
bacterium Lactobacillus rhamnosus GG (37); iii), compared
to polysaccharides, teichoic acids give rise to much shorter
rupture lengths (35). Our results therefore suggest that
glucose-based polysaccharides on the L. plantarum cell sur-
face mediate strong adhesion toward lectin-coated surfaces.
Because of their long, flexible nature, polysaccharide chains
may strengthen adhesion through long-range polymer
bridging interactions. This finding may be of biological sig-
nificance as lectins on intestinal epithelial and dendritic
cells may act as host receptors for probiotic molecules (5).
CONCLUSIONS

In conclusion, our experiments have shown that SCFS with
polydopamine-coated colloidal probes provide a powerful
platform for quantifying bacterial cell adhesion forces on
a single-cell basis. Unlike other existing protocols, our
methodology is simple, versatile, nondestructive (even after
1 h measurements), and affords much better control of the
cell positioning of the cell-substrate contact area. These
assets guarantee true and reliable single-bacterial cell anal-
ysis. Using this approach, we found that L. plantarum cells
show strong adhesive properties toward biotic and abiotic
surfaces. Binding to hydrophobic surfaces does not depend
on interaction time and gives rise to multiple force peaks
and extended rupture lengths that may be attributed to the
stretching and unfolding of cell surface proteins. Binding
to lectin surfaces is strongly time-dependent and is
associated with the stretching of long, flexible glucose
(mannose)-based macromolecules, most likely cell-bound
polysaccharides. The measured specific and nonspecific
adhesive forces are of biological relevance as they are likely
to play important roles in mediating L. plantarum adhesive
interactions toward inert and living surfaces.
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