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In vivo force microscopy measurements of Acidithiobacillus ferrooxidans revealed a repulsive force that was
due to the presence of extracellular polymers on the bacterium’s surface. Measured force-distance profiles were
fit to steric force theory to estimate the density and thickness values of these exopolymers. The polymer
densities were 3.4 � 1016 to 7.1 � 1016 molecules m�2, and the equilibrium thickness was 29 nm.

Extracellular polymeric substances (EPS) in large part con-
trol the interactions between Acidithiobacillus ferrooxidans and
sulfide minerals (10–11, 17, 19–20). EPS play an integral part
in the attachment of bacteria to sulfides and help facilitate the
dissolution of metal sulfides (10–11, 17, 19–20) because of their
abilities to complex Fe(III) ions, which attack the surfaces of
sulfide minerals (10–11, 19). The variability in molecular
weight and composition of EPS makes it difficult to determine
their size and density (10). Here, we used atomic force micros-
copy (AFM) to observe intermolecular forces as a probe ap-
proached the surfaces of individual cells of A. ferrooxidans. By
comparing the observed force-distance profiles to the steric
force model, we were able to determine the length and density
of EPS on the surfaces of living A. ferrooxidans bacteria in an
aqueous solution. To the best of our knowledge, this represents
the first time that the structure and architecture of EPS have
been determined under environmentally relevant conditions
(e.g., acidic pH) with A. ferrooxidans in vivo.

A. ferrooxidans (ATCC 23270) was cultivated on soluble
Fe(II) at pH �2 in ATCC medium 2039 without Wolfe’s
trace mineral solution. After at least 4 days of growth time,
cells were briefly centrifuged (10,500 � g) and deposited
onto hydrophobic glass slides made according to Lower et
al. (12). Fluorescence microscopy with fluorescein isothio-
cyanate-labeled concanavalin A (9, 11) revealed that EPS
was present on the prepared cells. A NanoScope IV
BioScope AFM (Veeco-Digital Instruments) was used to col-
lect force curves on single cells at a frequency of 0.5 to 1.0 Hz
and a relative trigger of 100 nm.

AFM measurements were performed in 0.1 M NaCl ad-
justed to pH �2 with sulfuric acid. Prior to use, V-shaped
Si3N4 force probes were cleaned in a 3:1 (vol/vol) mixture of
sulfuric acid and hydrogen peroxide, rinsed with water, and
dried under nitrogen gas. AFM cantilevers had a spring con-
stant of 0.08 N m�1, as determined by the method of Cleveland
et al. (5). Raw data showing the photodiode detector signal (in

V) as a function of the movement of the z-piezoscanner (in
nm) were converted to force (nN) versus separation (nm)
values (4, 8).

It was relatively simple to ensure that the AFM tip was on a
bacterium, as control measurements revealed a very strong
attractive force as the tip came into contact with a hydrophobic
slide (see the supplemental material). Conversely, approach
curves on the cells revealed only repulsive forces, as described
below. A total of 450 force profiles were collected on 10 dif-
ferent bacterial cells prepared from three separate growth cul-
tures. Average force profiles (per bacterium probed) were cal-
culated using Scanning Probe Image Processor software
(version 3.2).

Steric force theory (2–4) can be used to determine the force
(F) as a function of the distance (D) at which the AFM probe
approaches the surface of an A. ferrooxidans bacterium:

F�D� � 50rkBTLo�
3/2e�2�D/Lo (1)

where Lo is the equilibrium thickness of a polymer (in m) on
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FIG. 1. Observed force profiles for a probe on A. ferrooxidans in pH
2, 0.1 M saline solution. Steric force curves were calculated using the
average (Avg), lower bound (LB), and upper bound (UB) values ob-
tained by fitting measured force data (gray dots) to equation 1, where
the tip radius is 20 nm. Lo, equilibrium thickness; �, polymer density.
UB values are averages plus SD; LB values are averages minus SD.
Also shown is the maximum electrostatic force that is expected be-
tween A. ferrooxidans (�5 mV) and the AFM tip (�5 mV) in pH 2, 0.1
M NaCl solution.
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the cell surface (i.e., exopolymer thickness), � is the polymer
surface density (in m�2), r is the radius of the probe tip (2.0 �
10�8 m), kB is the Boltzmann constant (1.381 � 10�23 J K�1),
and T is temperature (298 K).

Averaged force-separation profiles (Fig. 1) were mathemat-
ically fit (MATLAB, version 7.4) to the simplified steric equa-
tion F�D� � 5.14�3/2 Lo e�2�D/Lo, where Lo and D are in nm and
� is in nm�2 (Table 1). In other words, the steric model was
used to reveal the probe’s response to EPS on A. ferrooxidans.
In addition to strain ATCC 23270, some force measurements
were also conducted on A. ferrooxidans ATCC 19859. The
approach force data for both strains were very similar (see the
supplemental material).

We assume that the electrostatic force was also present.
However, this force type is unlikely to predominate at the
length scale of observed forces. This is because the Debye
length is only 1.0 nm for a 0.1 M NaCl solution, and the surface
potentials of the AFM probe and bacteria are very small at pH
2: �0 mV for the AFM tip and �5 to 0 mV for A. ferrooxidans
(1, 6–7, 16, 21). Figure 1 shows the maximum expected contri-
bution of the electrostatic force, calculated according to refer-
ence 13, assuming that both the bacterium and the tip have
surface potentials of �5 mV. Clearly, the steric force predom-
inates under these experimental conditions.

Fitting the measured forces to steric force theory produced
average polymer density and equilibrium thickness values (	
standard deviations [SD]) of 7.1 � 1016 (	 3.4 � 1016) m�2

and 28.7 (	13.5) nm, respectively (see average curve in Fig. 1).
As shown in equation 1, the tip’s radius can have a significant
impact on the values estimated for polymer thickness and
surface density. Therefore, we also determined these values for
a tip whose radius is 60 nm, which is the maximum tip radius
quoted by the manufacturer. Scanning electron micrographs
collected in our laboratory (images not shown) confirmed that
the tips used in our experiments had radii of less than 60 nm.
With a tip radius of 60 nm, the estimated polymer density
decreases to 3.4 � 1016 (	 1.6 � 1016) m�2 while the equilib-
rium thickness of EPS remains the same.

Our estimate of polymer thickness is smaller than that (85 	
28 nm) determined from electron micrographs of A. ferrooxi-
dans by Rojas et al. (18). This could be due to the fact that our

analyses were conducted in solution rather than vacuum. An-
other difference is that we cultured our cells on soluble Fe(II),
whereas Rojas’s cells were grown on pyrite discs, which, ac-
cording to Gehrke et al. (10), would cause up to a 12-fold
increase in EPS production over cells grown with iron(II) sul-
fate as the energy source. It would be useful to compare the
EPS thickness and density values determined from force data
collected on A. ferrooxidans, which are cultured on ferrous
sulfate, pyrite, and elemental sulfur. However, solids like ele-
mental sulfur and iron oxide precipitates from pyrite oxidation
adhere to the outer surface of a bacterium (1, 22). Therefore,
it would be difficult to determine whether a particular force
curve was due to EPS or, more likely, the mineral particles on
the outside of the cell.

Our estimate of polymer density seems reasonable com-
pared to the density of lipopolysaccharide (LPS), the dominate
polymer on the outer surface of gram-negative bacteria. An
average EPS density of 1016 molecules per m2 for A. ferrooxi-
dans is smaller than the estimate of 2 � 1017 to 5 � 1017 m�2

for LPS on Escherichia coli (13–15). Our density estimate
means that an A. ferrooxidans bacterium has 51,000 to 105,000
exopolymers on its outer surface, assuming a cell surface area
of 1.5 
m2. This is much smaller than the 1 million to 3 million
molecules of LPS on E. coli (13–15).

To the best of our knowledge, this is the first study to
determine the physical architecture of EPS molecules in
their native state on A. ferrooxidans in vivo. We have shown
that living cells of A. ferrooxidans within an acidic solution
have exopolymers that span outwards from the cell surface
29 nm and are spaced with a density of 1016 polymers m�2,
which corresponds to approximately 50,000 to 100,000 EPS
molecules per bacterium. These physical dimensions help to
constrain the length scale and distribution of EPS molecules
that A. ferrooxidans may use to bind to sulfide minerals.
These dimensions also serve as a quantitative measure of
the reaction space around A. ferrooxidans. Specifically, this
work provides an in vivo estimate of the amount of EPS that
is available to complex Fe(III), which in turn catalyzes the
oxidation of sulfide minerals.
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