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Unité de Chimie des Interfaces, UniVersitéCatholique de LouVain, Croix du Sud 2/18,
B-1348 LouVain-la-NeuVe, Belgium, Unite´ des Aspergillus, Institut Pasteur Paris
France, 25 rue du Docteur Roux, 75724 Paris, France, INSERM U629, Lille,
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ABSTRACT

Traditionally, cell surface properties have been difficult to study at the subcellular level, especially on hydrated, live cells. Here, we demonstr ate
the ability of chemical force microscopy to map the hydrophobicity of single live cells with nanoscale resolution. After validating the technique
on reference surfaces with known chemistry, we probe the local hydrophobic character of two medically important microorganisms, Aspergillus
fumigatus and Mycobacterium bovis , in relation with function. Applicable to a wide variety of cells, the chemically sensitive imaging method
presented here provides new opportunities for studying the nanoscale surface properties of live cells and for understanding their roles in
mediating cellular events.

Hydrophobic interactions, which reflect the unusually strong
attraction of hydrophobic groups in water, mediate various
crucial biological events, including protein folding, mem-
brane fusion, and cell adhesion.1 Hydrophobic forces are of
particular importance in microbiology because they are
believed to be one of the driving forces for the adhesion of
pathogens to surfaces and tissues.2 During the past decades,
a variety of methods have been developed for assessing the
hydrophobic qualities of microorganisms, including water
contact angle measurements, adhesion to hydrocarbons,
partitioning in aqueous two-phase systems, and hydrophobic
interaction chromatography.3 So far, however, quantifying
and imaging these characteristics at the subcellular level has
been impossible.

Recent advances in atomic force microscopy (AFM) are
revolutionizing our views of cell surfaces. While AFM
imaging allows researchers to visualize membrane proteins4,5

and live cells6,7 in real-time with unprecedented resolution,
force spectroscopy provides a means to detect and manipulate
single molecules on cell surfaces.8 Notably, modification of
AFM tips with specific functional groups has enabled
researchers to map the spatial arrangement of chemical
groups and their interactions on organic surfaces, an approach

known as chemical force microscopy (CFM).9-11 Here, we
demonstrate the ability of CFM to probe the hydrophobic
character of live cells, on a scale of only∼25 functional
groups. This nanoscale, chemically sensitive imaging tech-
nique offers two major advantages over classical methods:
(i) hydrophobic groups and their interactions are measured
directly and quantitatively, and (ii) nanoscale variations of
hydrophobicity are revealed on single live cells.

First, we validated the CFM technique using reference
surfaces with defined hydrophobicity. AFM tips were modi-
fied with CH3 groups while flat supports were functionalized
with CH3/OH groups mixed in different proportions (Figure
1a). Adhesion forces measured in water between CH3 tips
and CH3/OH surfaces increased linearly with the CH3 surface
fraction, indicating the importance of hydrophobic forces in
aqueous media (Figure 1b). Interestingly, the number of
interacting groups contributing to the measured adhesion
forces can be estimated by using the JKR model of adhesion
mechanics.10 For the interaction between pure CH3/CH3

surfaces, considering an effective tip radius of 20 nm, we
found a contact area of 5 nm2, which corresponds to only
∼25 chemical groups in interaction. Consistent with previous
work,10,11these results demonstrate the sensitivity of the CFM
method toward local surface hydrophobicity and provide a
reference system for interpreting our cellular data.

We then used the method to probe the nanoscale structure
and hydrophobicity of single microbial cells. As an example
of a medically important microorganism, we examined the
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human opportunistic pathogenAspergillus fumigatus.12 All
conidia of aerial molds, includingA. fumigatus, are covered
by a layer of regularly arranged rodlets composed of
hydrophobins, a family of small, moderately hydrophobic
proteins that favor spore dispersion by air currents and
mediate adherence to host cells.12,13Wild-type A. fumigatus
conidia were immobilized on a polymer membrane, a
method, which allows live cells to be imaged by AFM
without using any drying or fixation step (Figure 2). High-
resolution images revealed rodlet structures several hundreds
of nanometers in length and 10( 1 nm in diameter (Figure
2a), consistent with earlier electron microscopy observa-
tions.12 Force curves recorded across these surfaces with a
hydrophobic tip showed large adhesion forces of 2982(
409 pN (n ) 512) magnitude (Figure 2b,c). Comparison with
the data obtained on reference surfaces (Figure 1b) indicates
that the conidial surface has a marked hydrophobic character,
corresponding to a surface composed of∼10 CH3 and∼15
OH groups, which is fully consistent with the presence of
an outermost surface layer of hydrophobins and provides
direct indications as to their putative functions as dispersion
and adherence structures. In agreement with the uniform
surface structure, we also note that adhesion maps were rather
homogeneous (Figure 2b), supporting the idea that theA.
fumigatusconidial surface is homogeneously hydrophobic.

To confirm that the measured hydrophobic properties are
associated with hydrophobins, we recorded topographic
images and spatially resolved adhesion maps (i) on wild-
type conidia treated with NaOH, a procedure that removes
all cell wall proteins including rodlet proteins (Figure 2d-
f), and (ii) on the∆rodA ∆rodB double mutant (Figure 2g-
i).12 In both cases, the conidial surface was devoid of any
rodlet, revealing an underlying layer of cell wall polysac-
charides (chitin, glucan, and galactomannan).14 These struc-
tural changes were correlated with profound modifications
of the cell surface hydrophobicity, the adhesion force toward
the hydrophobic tip being only 333( 160 pN (n ) 512)
and 443( 168 pN (n ) 512) for NaOH-treated and mutant
conidia, respectively. In the light of our reference surfaces

(Figure 1b), we conclude that the two conidial surfaces are
purely hydrophilic, corresponding to a pure OH-terminated
surface, which agrees well with the exposure of cell wall
carbohydrates. These data illustrate the potential of CFM in
microbial genetic studies for assessing the phenotypic
characteristics of mutants altered in cell wall constituents.

Notably, we also resolved nanoscale variations of hydro-
phobic properties acrossA. fumigatusconidia. To this end,
heterogeneous conidial surfaces were generated by using
gentle SDS treatments (Figure 2j-l). Topographic images
of SDS-treated conidia showed that, in some regions, rodlet
patches had been removed, revealing the underlying cell wall
polysaccharides. These nanoscale structural heterogeneities
were directly correlated with differences in hydrophobicity,
the rodlet and polysaccharide regions displaying contrasted
hydrophobic and hydrophilic characters, respectively. Ac-
cordingly, CFM is a valuable method for resolving local
variations of cell surface properties on a scale that was not
accessible before.

Next, we explored the surface properties of mycobacteria,
which include some very devastating pathogens such as
Mycobacterium tuberculosisandM. leprae, and their modi-
fications upon incubation with antimycobacterial drugs
(Figure 3). Currently, there is much interest in studying the
properties of mycobacterial cell walls because they offer
excellent targets for novel antibiotics.15 In this context,
mycolic acids are particularly important because these
hydrophobic constituents are thought to represent an impor-
tant permeation barrier to common antibacterial agents.
Therefore, we investigated the surface ofM. boVis prior to
and after incubation with isoniazid, an antibiotic known to
inhibit the synthesis of mycolic acids. The surface morphol-
ogy of native cells was very smooth and homogeneous
(Figure 3a) and showed only subtle modifications upon
treatment with isoniazid (Figure 3d). By contrast, isoniazid
caused a dramatic change of surface hydrophobicity: the
adhesion force toward the hydrophobic tip was 3032(
102 pN for native cells (Figure 3b,c), consistent with the
presence of mycolic acids, while it decreased to only 137(

Figure 1. Chemical force microscopy (CFM): principle and application to reference surfaces. (a) Scheme for chemical modification of
AFM tips and supports. Gold tips are functionalized with CH3-terminated alkanethiols, while gold supports are modified with CH3- and
OH-terminated alkanethiols mixed in different proportions. (b) Adhesion force measured in water between hydrophobic tips and CH3/OH
surfaces as a function of the CH3 surface fraction (determined by X-ray photoelectron spectroscopy). The adhesion force increases linearly
with the CH3 fraction, confirming the quality of hydrophobic tips and their sensitivity toward surface hydrophobicity.
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31 pN for isoniazid-treated cells (Figure 3e,f), confirming
that hydrophobicity is conferred by mycolic acids and that
the latter are exposed at the cell surface. These results
represent the first direct, quantitative measurement of the
impact of an antimycobacterial drug on the hydrophobic
character of single mycobacterial cells, which may be of great
relevance in future research. For instance, it may contribute
to refine our understanding of the macromolecular cascade
of events leading to bacterial death upon treatment with
specific cell wall antibiotics. Last, our finding that native
cells show uniform distribution of hydrophobicity (see
homogeneous adhesion map in Figure 3b) may help to draw
a more integrated view of the cell wall architecture, as it

confirms the idea that mycolic acids form an external layer
and suggests the absence of hydrophilic polysaccharides,
particularly lipoarabinomannans, embedded in this layer.

In conclusion, we have shown that CFM with hydrophobic
tips enables researchers to quantify and map the surface
hydrophobicity of single live cells in relation with function
(i.e., dispersion, adherence, and interaction with drugs). This
chemically sensitive imaging method circumvents the main
limitations of methods currently available for assessing
surface hydrophobicity and, for the first time, allows resolv-
ing nanoscale variations of surface properties. Also, it has
often been argued that AFM is limited by its depth resolution
in that it only analyzes the outermost cell surface. Here, we

Figure 2. Nanoscale structure and hydrophobicity ofAspergillus fumigatus. (a) High-resolution image of a wild type conidial surface in
aqueous solution revealing rodlets. (b) Adhesion force map (z-range: 6 nN) and (c) adhesion force histogram (n ) 512) recorded with a
hydrophobic tip, indicating that the rodlet surface is uniformly hydrophobic. (d-i) High-resolution images, adhesion force maps, and histograms
(n ) 512) obtained on NaOH-treated conidia (d-f) and on the∆rodA ∆rodB double mutant (g-i). The purely hydrophilic surface is
attributed to cell wall polysaccharides. (j-l) High-resolution image, adhesion force map, and histogram obtained on SDS-treated conidia,
revealing highly correlated structural and hydrophobic heterogeneities.
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show that combining the technique with chemical or drug
treatments allows microscopists to explore inner cell wall
layers. Applicable to prokaryotic, plant, and animal cells, as
well as to the probing of surface charge, the CFM methodol-
ogy provides new avenues for understanding the structure-
function relationships of cell surfaces, particularly in relation
with pathogen-drug and pathogen-host interactions.

Methods.Wild-type conidia ofA. fumigatusDal CBS144-
89 were selected because of their clinical importance. Conidia
were harvested from a one-week-old culture grown at
25 °C on 2% malt extract agar. They were rinsed 3 times in
Tweened water and 5 times in deionized water. For some
experiments, conidia were boiled 2× 1 h in 1 M NaOH or
in a 50 mM Tris-buffered solution containing 2% SDS,
50 mM EDTA, and 40 mMâ-mercaptoethanol and then
rinsed again to eliminate any contaminants. The∆rodA
∆rodB double mutant was obtained as described elsewhere.12

Mycobacterium boVis BCG was grown in Sauton medium
at 37°C for about 3 weeks in static conditions using 75 cm2

Roux flasks. For some experiments, cells were resuspended
for 24 h in Sauton medium containing isoniazid at 0.02µg/
mL, corresponding to the MIC. All cells were harvested by
centrifugation and washed three times with deionized water.

AFM contact mode images and force-distance curves
were obtained in deionized water using Nanoscope III and
IV Multimode AFMs (Veeco Metrology Group, Santa
Barbara, CA). Oxide-sharpened microfabricated Si3N4 can-
tilevers with spring constants of 0.01 N/m (Microlevers,
Veeco Metrology Group, Santa Barbara, CA) and silicon
wafers (Siltronix, France) were coated by electron beam

thermal evaporation with a 5 nmthick Cr layer followed by
a 30 nm thick Au layer. Gold-coated cantilevers were
immersed for 14 h in 1 mM solutions of HS(CH2)11CH3 in
ethanol and then rinsed with ethanol. Gold-coated supports
were immersed for 14 h in ethanol solutions containing
1 mM HS(CH2)11CH3 and HS(CH2)11OH in various propor-
tions and then rinsed with ethanol.
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