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P
olysaccharides on bacterial surfaces
fulfill several important functions,
such as protecting the cell against

unfavorable environmental conditions, me-

diating cellular recognition (e.g., via lectin

binding), and promoting bacterial adhesion

and biofilm formation on inert or living

surfaces.1�5 Although elucidation of the

complexity and diversity of the chemical

structures of cell wall associated polysac-

charides is progressing, studying their spa-

tial organization and conformational prop-

erties at the molecular level remains a

challenge.

For centuries, lactic acid bacteria from

the genus Lactobacillus have played an im-

portant role in fermentations. Currently, in-

creasing attention is given to their probi-

otic, health-promoting effects, as they are

also members of the beneficial microbiota

present in the human gastrointestinal and

urogenital tract.6 Among these probiotic

bacteria, Lactobacillus rhamnosus strain GG

(LGG)7 is one of the best clinically investi-

gated organisms. It is postulated that some

of its health effects7 are related to its strong

adhesive capacity to epithelial cells8 and

mucus.9 Recently, it was shown that LGG is

able to form biofilms on abiotic surfaces, in

contrast to other strains of the Lactobacillus

casei group tested under the same condi-

tions.10 Different factors were reported to

contribute to biofilm formation, including

production of exopolysaccharides.10,11 De-

spite the increasing number of clinical stud-

ies demonstrating that probiotics such as

LGG can improve health, little is known

about causal relationships between health
effects and cell surface interactions. This
emphasizes the need to develop methods
to quantify the molecular characteristics of
the cell surface of these probiotic strains.

The nanoscale exploration of microbial
cells using atomic force microscopy (AFM)
is an exciting research field that has devel-
oped tremendously in the past years.12,13

While real-time AFM imaging enables inves-
tigators to visualize the ultrastructure of hy-
drated cells,14�18 AFM force spectroscopy
offers a means to probe a variety of proper-
ties, such as cell wall elasticity,19�22 the dis-
tribution and interaction forces of chemical
groups,23,24 and the localization of single
molecular recognition sites.25�28 Impor-
tantly, recent progress in single molecule
force spectroscopy (SMFS) has allowed re-
searchers to probe the conformational
properties of microbial
polysaccharides.29�31 Here, we demon-
strate the ability of SMFS to detect, map,
and analyze individual polysaccharide
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ABSTRACT The nanoscale exploration of microbes using atomic force microscopy (AFM) is an exciting, rapidly

evolving research field. Here, we show that single-molecule force spectroscopy is a valuable tool for the localization

and conformational analysis of individual polysaccharides on live bacteria. We focus on the clinically important

probiotic bacterium Lactobacillus rhamnosus GG, demonstrating the power of AFM to reveal the coexistence of

polysaccharide chains of different nature on the cell surface. Applicable to a wide variety of cells, this single

molecule method offers exciting prospects for analyzing the heterogeneity and diversity of macromolecules

constituting cell membranes and cell walls.
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molecules on live LGG bacteria. We show that the
polysaccharide properties (distribution, adhesion, ex-
tension) of LGG wild-type are markedly different from
those of a derived mutant (strain CMPG5413) impaired
in adherence to gut epithelium, biofilm formation, and
exopolysaccharide production.11,32

RESULTS AND DISCUSSION
To gain insight into the LGG surface morphology,

live bacterial cells were immobilized in porous
membranes33,34 and imaged in their native state using
AFM (Figure 1). While the resolution of height images
was limited by the large curvature of these rod-shaped
cells, deflection images were more sensitive to the sur-
face relief. For LGG wild-type (Figure 1a�d), AFM im-
ages revealed a rough morphology decorated with
waves 15 � 7 nm high and separated by 123 � 59 nm
(n � 40). This differs from the morphology reported for
the round-shaped lactic acid bacterium Lactococcus lac-
tis, where tip-cell interactions were shown to dominate
the image contrast.35 The scanning tip was shown to al-
ter the L. lactis surface by forming grooves and sponge-

like structures. None of these effects were observed
here and the wave-like morphology on the LGG wild-
type could be imaged repeatedly without being altered,
indicating the observed contrast reflects real surface
features. By contrast, the mutant (Figure 1e,f) showed
a much smoother morphology (rms roughness on 500
nm � 500 nm areas of 1.2 � 0.3 nm, compared to 3.6 �

0.7 nm for the wild-type), with much less pronounced
waves that were 5 � 2 nm high and separated by 80 �

37 nm. In line with previous phenotypic analyses of
this mutant showing abolished exopolysaccharide pro-
duction and biofilm formation,11,32 it seems likely that
the surface wave-like structures observed on LGG wild-
type reflect the production of extracellular polysaccha-
rides, which is greatly reduced in the mutant
CMPG5413. This interpretation is consistent with ear-
lier AFM analyses of Lactobacillus strains14 which re-
vealed that cells covered with a regular lattice of globu-
lar proteins, like an S-layer, are smooth on a length
scale of a few nm, while polysaccharide-coated cells
show heterogeneous and rough surfaces. The observed
wave-like structures in LGG might reflect the helical-
mode of cell wall synthesis reported for rod-shaped
bacteria,36,37 in contrast to coccoid cells, such as L. lac-
tis, where new cell wall material is inserted at the divi-
sion septum.

To explore the cell wall nanomechanical properties,
force�distance curves were recorded, converted into
force�indentation curves, and then analyzed using the
Hertz theory to generate elasticity maps and
histograms.38,39 Figure 2 shows low and high resolu-
tion elasticity maps of the two strains, together with
elasticity histograms and typical force-indentation
curves recorded on top of the cells. Most curves were
well-described by the Hertz model, allowing us to ob-
tain Young modulus values. Unlike Gaboriaud et al.,21

we did not observe two regimes, that is, a nonlinear do-
main at low loading forces, followed by a linear one at
high loading forces. This may be because we kept the
maximum loading force at rather low values (1 nN) to
avoid detachment of the cells from the membrane. The
elasticity contrast demonstrates that the cells were sub-
stantially softer than the supporting polymer mem-
brane (brighter contrast, Young modulus � 1 MPa).
The curves recorded across the cells yielded Young
modulus of 186 � 40 kPa and 300 � 63 kPa for the wild-
type and mutant, respectively. Elasticity maps recorded
on cells showed homogeneous contrast, indicating
that curvature/edge effects did not substantially influ-
ence the shape of the curves and the obtained elastic-
ity values. Hence, our data show that extracellular
polysaccharides play a crucial role in determining the
surface elasticity and softness of the cell surface of wild-
type LGG. The mutant appears two times stiffer com-
pared to the wild-type. This suggests that the nanome-
chanical properties of the mutant were essentially
determined by peptidoglycan, which is covered by ex-

Figure 1. Imaging single LGG bacteria in their native state. AFM
height (a,c,e) and deflection (b,d,f) images recorded in buffered solu-
tion (PBS) for LGG wild-type (a�d) and for the mutant CMPG5413 im-
paired in cell wall polysaccharide production (e,f). Cells were trapped
into a porous polymer membrane for noninvasive, in situ imaging.
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opolysaccharides in the wild-type. Pepti-
doglycan is a stiff polymer due to the
high cross-linking density and limited
conformational flexibility of the � 1�4
linkage between N-acetylglucosamine
and N-acetylmuramic acids.

Next, we probed individual cell sur-
face polysaccharides using SMFS with
lectin-modified tips to address the fol-
lowing pertinent question: what is the
heterogeneity of the polysaccharides in
terms of distribution across the cell sur-
face and in terms of different macromol-
ecules? To this end, AFM tips functional-
ized with Pseudomonas aeruginosa (PA-1)
and concanavalin A (Con A) lectins were
used to specifically detect polysaccharide
molecules containing galactose and
mannose (or glucose), respectively. To
validate the method, force curves were
recorded between Con A-modified tips
and agarose beads functionalized with
mannose residues (Figure 3a). As shown
in Figure 3b, a significant fraction of the
curves displayed single adhesion forces
at short rupture distances (0�50 nm), the
remaining measurements exhibiting no
adhesion. The corresponding adhesion
force histogram displayed a well-defined
maximum at 57 � 19 pN that we at-
tribute to the rupture of single
lectin�mannose complexes. The speci-
ficity of the measured forces was demon-
strated by showing a dramatic reduction
of adhesion frequency when the curves
were recorded in the presence of free
mannose (Figure 3c).

We then used the Con A and PA-1-
terminated tips to probe the distribu-
tion, adhesion, and extension of the
surface polysaccharides of the LGG
wild-type and mutant strains. Figure
4a�d show the adhesion map, adhe-
sion histogram, and force curves obtained on the
wild type with a Con A-tip. The curves showed essen-
tially single adhesion events, along with elongation
forces and rupture lengths ranging from 20 to 400
nm that were well-fitted with an extended freely
jointed chain model.40,41 The distribution of adhe-
sion forces showed a well-defined maximum at 56 �

20 pN, that is, close to the mannose values (Figure
3b), suggesting these forces reflected single
ConA�mannose interactions. Adhesion forces in
the 100�200 pN range were also frequently ob-
served and attributed to the simultaneous detec-
tion of two or three residues. Force curves recorded
in the presence of free mannose showed a dramatic

reduction of adhesion frequency (from 93% to 43%),

supporting the notion that specific forces were mea-

sured (data not shown). Like the elasticity distribu-

tion, the polysaccharide distribution was rather ho-

mogeneous and did not depend on the

heterogeneous surface morphology. Taken together,

the above observations indicate that mannose (or

glucose)-rich polysaccharide molecules were de-

tected and stretched on the LGG surface.

Notably, the CMPG5413 mutant showed a very

different behavior (Figure 4e�h), in that (i) the adhe-

sion maps and force histograms showed a dramatic

reduction of adhesion frequency; (ii) consistent with

this, adhesion forces greater than 100 pN were rarely

Figure 2. Mapping cell surface nanomechanical properties. (a, b) Low resolution elasticity
maps (z-range � 1 MPa) recorded on LGG wild-type (a) and on the mutant (b). (c, d) High
resolution elasticity maps (z-range � 0.5 MPa), together with (e, f) elasticity histograms and
typical force-indentation curves recorded on top of LGG wild-type (c, e) and of the mutant
(d, f) (open symbols are raw data while the solid line shows the theoretical fit using the Hertz
model).
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observed indicating that only single residues were
detected at a time; and (iii) most rupture distances
were short, typically in the 0�100 nm range. These
single molecule analyses, consistent with the struc-
tural and elasticity data, demonstrate that the two
strains show very different polysaccharide proper-
ties, the surface density and extension of mannose-
rich polysaccharides being much higher on the wild-
type than on the mutant. To better visualize
differences in polysaccharide properties, three-
dimensional maps were constructed by combining
adhesion forces (false colors, yellow meaning larger
adhesion forces) and rupture distances (z level) mea-
sured at every x, y location (Figure 4d,h).

The SMFS data obtained on the wild-type with a
PA-1-tip are shown in Figure 5a�d. Similar to what
we observed with the ConA-tips, adhesion forces
were homogeneously distributed across the cell sur-
face (Figure 5c) and showed a well-defined maxi-
mum at 51 � 24 pN (Figure 5b) attributed to single
PA-1-galactose interactions that could be blocked
with free galactose (data not shown). Larger adhe-
sion forces due to multiple interactions were ob-
served as well. However, the curves obtained with
the PA-1 tips showed multiple adhesion peaks (Fig-
ure 5b), with much longer rupture distances, typi-

cally in the 100�1000 nm range
(Figure 5d). For the mutant (Fig-
ure 5e�h), again we found a re-
duction of adhesion frequency,
and much shorter rupture dis-
tances (0�200 nm), demonstrat-
ing that the surface density and
extension of galactose-rich
polysaccharides were dramati-
cally reduced compared with
those of the wild-type.

Taken together, these data
suggest that polysaccharides
probed with ConA and PA-1 tips
were of different nature, that is,
mannose-rich polysaccharide
chains showing single rupture
forces with moderate extensions
and galactose-rich polysaccha-
ride chains showing multiple
ruptures and much longer exten-
sions (Figure 6). The occurrence
of galactose-rich polysaccharides
is fully consistent with previ-
ously published structural stud-
ies42 and with our own biochemi-
cal analyses (unpublished data)
revealing that LGG produces ex-
opolysaccharides mainly com-
posed of D-galactose, with small
amounts of L-rhamnose and

N-acetyl-D-glucosamine residues. The nature of the

second polysaccharide detected with the ConA tip is

currently unknown. In fact, to the best of our knowl-

edge, this SMFS study is the first to show the occur-

rence of a second abundant polysaccharide present

on the cell surface of LGG, supporting further the

novelty of this study. It remains to be elucidated

whether the mannose (or glucose)-rich polysaccha-

ride on the cell surface of LGG represents a polysac-

charide chain on an abundant glycoprotein or a sec-

ond, shorter and more strongly associated cell wall

polysaccharide different from the previously re-

ported exopolysaccharide of LGG.42

CONCLUSIONS
In summary, the AFM data presented here dem-

onstrate the crucial role played by cell wall polysac-

charides in determining the nanoscale surface prop-

erties of LGG bacteria. We show that LGG wild-type

and the CMPG5413 mutant impaired in adherence,

biofilm formation, and polysaccharide production

display very different surface morphology, surface

elasticity, and polymer properties. The wave-like pat-

terns observed on the wild-type, reflecting the mas-

sive production of cell wall polysaccharides, are

Figure 3. Use of lectin-terminated tips for detecting single carbohydrate residues. (a) Surface
chemistry used to functionalize AFM tips with lectins. (b) Representative force curves and adhe-
sion force histogram (n � 586) obtained in buffered solution (sodium acetate � 1 mM CaCl2 � 1
mM MnCl2) between a concanavalin A-terminated tip and a mannose-terminated agarose bead. (c)
Control experiment showing a dramatic reduction of adhesion frequency when the force measure-
ments are performed in the presence of free mannose (100 mM).
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much less pronounced on the mutant. Consistent

with these structural data, the wild-type shows a

softer cell surface and polysaccharide chains that

are much longer and more densely distributed on

the surface compared to the mutant. Additionally,

two kinds of polysaccharide molecules are identified

on LGG wild-type, that is, polysaccharides rich in

mannose (possibly also in glucose) having moder-

Figure 4. Detecting individual mannose (or glucose)-rich polysaccharides on LGG bacteria. (a, e) AFM deflection images, (b,
f) adhesion force histograms (n � 1024) together with representative force curves, and (c, g) adhesion force maps (gray scale:
200 pN) recorded in buffered solution (sodium acetate � 1 mM CaCl2 � 1 mM MnCl2) with a Con A tip on LGG wild-type
(a�c) and on the mutant CMPG5413 (e�g). (d, h) To compare polysaccharide properties on the two strains, three-
dimensional reconstructed maps were obtained by combining adhesion force values (expressed as false colors) and rup-
ture distances (expressed as z level) measured at different x, y locations. The red lines on the bottom curves in panels b and
f show that elongation forces were well-described by an extended freely jointed chain model with Kuhn lengths of 1.2 �
0.3 (b) and 1.4 � 0.3 nm (f), and segment elasticities of 0.6 � 0.5 (b) and 5.0 � 5.5 N/m (f): x(F) � Lc [coth(Flk/kbT) � kbT/
Flk][1 � nF/ksLc], where Lc and lk are the contour length and Kuhn length of the molecule, n and ks are the number of seg-
ments and their elasticity, kb is the Boltzmann constant, and T is the absolute temperature.
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ate extensions and polysaccharides rich in galac-

tose having much longer extensions, which were sig-

nificantly altered in the mutant (Figure 6). In the

future, SMFS-based phenotypic analyses of different

mutants hold great promise in understanding the re-

sulting changes in spatial and conformational prop-

erties of cell wall-constituting macromolecules. Par-

ticularly, SMFS is a powerful tool to study the

remarkable polysaccharide properties of LGG in rela-

tion to the functions of the cell surface, such as bac-

terial adhesion to intestinal tissues, and interactions

with specific receptors of the immune system.

Figure 5. Detecting individual galactose-rich polysaccharides on LGG bacteria. (a, e) AFM deflection images, (b, f) adhesion
force histograms (n � 1024) together with representative force curves and (c, g) adhesion force maps (gray scale: 200 pN) re-
corded with a PA-1 tip on LGG wild-type (a�c) and on the mutant CMPG5413 (e�g). (d, h) Three dimensional reconstructed
maps obtained by combining adhesion force values and rupture distances measured at different x, y locations. The red
lines on the bottom curves in panels b and f show that elongation forces were well-described by an extended freely jointed
chain model with Kuhn lengths of 1.4 � 0.2 (b) and 1.7 � 0.3 nm (f), and segment elasticities of 1.1 � 0.8 (b) and 1.2 � 1.5
N/m (f).
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METHODS
L. rhamnosus GG (ATCC 53103) and the CMPG5413 mutant

were grown in lactobacilli AOAC medium (Difco) to enhance
polysaccharide production as previously described.10,32 Cells
were centrifuged (7000 rpm for 10 min) and washed twice by re-
suspension in PBS and centrifugation.

AFM images and force�distance curves were recorded at
room temperature (20 °C) in buffered solutions (PBS, pH � 7.4
or sodium acetate containing 1 mM CaCl2 � 1 mM MnCl2, pH
4.75) using a Nanoscope IV Multimode AFM (Veeco Metrology
Group, Santa Barbara, CA) and oxide-sharpened microfabricated
Si3N4 cantilevers (Microlevers, Veeco Metrology Group, Santa
Barbara, CA). Cells were immobilized by mechanical trapping
into porous polycarbonate membranes (Millipore), with a pore
size similar to the bacterial cell size (about 1.2 �m diameter).33,34

The spring constants of the cantilevers measured using the ther-
mal noise method (Picoforce, Veeco Metrology Group) were
found to be 0.011 N/m. Blocking experiments were performed
by adding respectively 100 mM D-(�)-mannose and 100 mM
D-(�)-galactose to the solutions. Experiments on model carbohy-
drate surfaces were performed on agarose beads functionalized
with D-mannose (Sigma-Aldrich). Single molecule force spectros-
copy measurements were performed using a constant approach
and retraction speed of 1,000 nm/s and a maximum applied
force of 500 pN.

Mechanical properties were mapped by recording
force�volume images consisting of arrays of 32 � 32 force
curves, using a maximum applied force of 	1 nN. Elasticity maps
and histograms were generated by analyzing the force curves ac-
cording to the Hertz theory for elastic media, using a conical tip
geometry:

F ) 2E tan R
π(1 - ν2)

δ2 (1)

where F is the force, 
 is the indentation depth, E is the Young
modulus, � is the Poisson coefficient and � is the semi-top angle
of the tip. A program developed for soft materials in Fortran
C�� (Compaq Visual Fortran V.6.6, Compaq Computer Corp.,
Houston, TX) was adapted and used to fit the experimental force
curves with the model. More details on data treatment can be
found elsewhere.19,43 High-resolution elasticity maps were
obtained on single bacteria by recording 500 nm � 500 nm

force�volume images on top of the cell, thereby minimizing
possible curvature/edge effects.

For probing cell surface polysaccharides, AFM tips were func-
tionalized with the lectin concanavalin A (Con A; Sigma-Aldrich)
and the lectin from Pseudomonas aeruginosa (PA-I, Sigma-
Aldrich) via a 6 nm-long polyethylene glycol (PEG) chain. Canti-
levers were washed with chloroform and ethanol, placed in an
UV-ozone-cleaner for 30 min, and immersed overnight in a solu-
tion of ethanolamine hydrochloride in DMSO (3.3 g in 6 mL) to
generate amino groups on the tip surface.44 These amino groups
were further reacted with PEG linkers carrying benzaldehyde
functions on their free-tangling end, essentially as described in
ref 45. For coupling of proteins, the cantilever was covered with
a 200 �L droplet of a PBS solution containing Con A (0.2 mg/mL)
to which 2 �L of a 1 M NaCNBH3 solution was added.45 After 50
min of incubation, 5 �L of a 1 M ethanolamine hydrochloride so-
lution (preadjusted to pH 9.5 with NaOH, see Supporting Infor-
mation to ref 45) was added in order to deactivate unreacted al-
dehyde groups during another 10 min incubation period, after
which the cantilever was washed with and stored in PBS.
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