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bacterium and silica or polystyrene substrates
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Abstract

Inter- and intra-molecular forces are the driving forces responsible for the creation of an interface between a microorganism and a naturally
occurring mineral or man-made material. We have used atomic force microscopy to directly measure forces between aStaphylococcus aureus
bacterium and each of two materials (silica and polystyrene) in an electrolyte solution. Force “spectra” were collected by placing a glass or
polystyrene bead (∼10�m diameter) in contact with a living cell and then pulling the two surfaces apart. An attractive, adhesion force was
observed in approximately 40 and 50% of the measurements for silica and polystyrene, respectively. The strength of the adhesion bond was
38± 4 pN (10−12 N) and 52± 9 pN for glass and polystyrene, respectively. The origin of the attractive interaction appears to be non-specific (e.g.,
van der Waals force) although a small number (2–3%) of force spectra contained distinct sawtooth like profiles indicative of a protein bond between
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. aureus and glass or polystyrene.
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. Introduction

On Earth, most (>97%) of the millions of different species of
rokaryotes live in contact with one or more of the 3000 different
ineral species that occur in the soil and subsurface environ-
ents[1–3]. The creation of man-made materials, such as plas-

ics and alloys has provided microorganisms with other niches
n the environment. Arguably this makes the microbe–mineral
r, more generally, the microbe–material interface the most sig-
ificant interface in nature.

The structure and reactivity of this interface can be described
n terms of a number of parameters including: the macro-

olecules (e.g., proteins, lipids, polysaccharides) on a microor-
anism, the surface properties (e.g., surface charge density,

opography) of a material, and the composition of the aque-
us solution between the material and microbe. Regardless
f the specifics of these parameters, at its very essence each
icrobe–material interface is defined by and, in fact, created
y fundamental inter- and intra-molecular forces between a cell
nd an inorganic or organic surface.

Over the last few years, atomic force microscopy (AFM)
become the instrument of choice for probing forces betw
surfaces.Fig. 1 provides a diagram and brief description
our AFM experimental setup. We and our colleagues have
AFM to measure forces that a bacterial cell experiences
approaches a material surface, as well as the force neces
decouple bonds that may form once a cell makes contact w
material surface (e.g., see refs.[4–9]). The latter measureme
is often termed “force spectroscopy”, because the AFM fo
data profiles (also known as force curves) have the appeara
spectra-data. However, AFM actually measures forces by
itoring the physical deflection of a mechanical, force-sen
cantilever rather than observing electromagnetic spectra p

This manuscript is intended to provide the reader with
introduction to AFM force spectra measurements between
teria and other surfaces immersed in aqueous solution
will present force–distance profiles describing the relation
between a Gram-positiveStaphylococcus aureus and two differ-
ent materials, silica and polystyrene, that are commonly f
in the environment. These data will be interpreted in term
the maximum force necessary to separate a cell from a ma
∗ Corresponding author.
E-mail address: lower.9@osu.edu (S.K. Lower).

surface, and the total amount of potential energy encapsulated
within the cell–material interface. The measured force–distance
profiles will also be compared to a theoretical force–extension
model to identify putative macromolecules (e.g., proteins)
368-2048/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.elspec.2005.06.012
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that may form a physical bond between a cell and another
surface.

2. Methods and materials

2.1. Preparation of materials for AFM measurements

Materials used in these experiments included both silica and
polystyrene beads (∼10�m in diameter; from Duke Scientific
and Polysciences, Inc.). A single glass or polystyrene bead was
attached to the end of a silicon-nitride cantilever with epoxy
resin (seeFig. 1for reference). These colloid-probes were used
in an AFM to probe living bacteria cells.

Prior to their use, glass beads were cleaned in a mixture of sul-
furic acid and hydrogen peroxide[10] to remove any proprietary
coating. These glass beads were then rinsed ten times in ultra-
pure water (MilliQ water). The surface roughness of the glass
bead was determined by using AFM in “image mode” to collect
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a topographic image of the silica surface. The root mean squared
(rms) roughness was determined to be 1.8 nm over a 1�m2 area.
The range of vertical relief on the glass bead was 27 nm.

Polystyrene beads were cleaned by rinsing three times in
ultrapure water. AFM was also used to collect a topographic
image of the surface of the polystyrene beads. The rms roughness
was determined to be 4.5 nm over a 1�m2 area with a vertical
range of 35 nm.

2.2. Preparation of bacteria cells for AFM measurements

Bacteria used in these experiments included a wild-type strain
of S. aureus kindly provided by A. Peschel.Staphylococcus is a
Gram-positive, facultative aerobe that typically occurs as pairs
or clusters of cocci cells[11]. Individual cells are approximately
1�m in diameter. Bacteria were grown to exponential phase in
tryptic soy media, and harvested by centrifugation at 5000× g
for 3 min. Harvested cells were washed three times in 50 mL of
sterile 0.1 M NaCl, blotted onto a glass cover slip with a sterile
pipette tip, rinsed after 5–10 min to remove loose cells, and used
in an AFM.

Fig. 2showsS. aureus cells on a cover slip that was used in
the AFM to collect force spectra. The image shown inFig. 2
was collected with a sharp tip using the AFM in “image mode”.
For force measurements (described below), a colloid-probe was
vertically translated towards and away from a living cell on a
c

2

pe
A neu-
ig. 1. Schematic diagram showing the key components of an atomic force
icroscope (AFM), which, in this case, has been mounted on an inverted opti

al microscope. The cantilever and sample are within a fluid cell (not shown)
ontaining aqueous solution. Force measurements are made by recording t
eflection of a sensor (i.e., cantilever) in response to attractive or repulsive force
etween a bead, mounted on the “free end” of the cantilever, and a bacterium
n a cover slip. A piezoelectric scanner is used to translate the “fixed end” o

he cantilever. In so doing, the bead indexes towards, makes contact with, an
etracts from a cell. Deflection of the “free end” of the cantilever is monitored
y reflecting a laser off the top of the cantilever and into a split segment pho-

odiode. The data presented in this paper are the force “spectra” or retractio
urves collected when a bead is pulled away from a bacterium. This figure is no
o scale.
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over slip, which was immersed in aqueous solution.

.3. Atomic force microscopy in water

A commercial AFM (Veeco/Digital Instruments; Biosco
FM) was used to collect force measurements in a circum

ig. 2. Atomic force micrograph of a wild-type strain ofStaphylococcus aureus
n a cover slip. This image is 25�m on a side. A sharp cantilever tip, as oppo

o the colloid bead probe (shown inFig. 1) was used to image these bacte
ells.
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tral, electrolyte solution containing 0.1 M sodium chloride. In
the “force mode” set up thex andy piezoelectric scanners are
disabled so that movements are made only in thez (i.e., vertical)
direction.

Cells were located on a cover slip by using transmitted
light and a 100X/1.45 N.A. objective (Zeiss�-Plan-Fluar) on
an inverted optical microscope attached to the AFM (seeFig. 1
for reference). A colloid-probe was positioned directly over a
monolayer patch of cells. The cantilever was translated towards
a bacterium on a cover slip using thez piezoelectric scanner.
Once contact was established, the cantilever was pushed to a
maximum loading force (i.e., force of the bead on the cell wall)
of 1–4 nN. Finally, the cantilever was pulled away from the bac-
terium’s surface.

A diode laser was used to monitor the deflection of the can-
tilever in response to attractive or repulsive forces between a
bacterium and the bead on the end of the cantilever. The raw-
data were collected as the output of the photodiode detector
(which is directly proportional to the deflection of the cantilever)
as a function of the displacement of thez piezoelectric scanner
(which controls the position of the bead relative to the bacte-
ria sample). Subsequent to AFM measurements, cell viability
was confirmed by observing the bacteria divide in a small quan-
tify of broth which was placed onto the bacteria-coated cover
slip.

A sample approach–retraction curve is shown inFig. 3.
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Fig. 3. Schematic diagrams of (A) voltage–displacement and (B) force–distance
curves. When the cantilever or more specifically, the bead on the cantilever, and
sample are far apart they exhibit no interaction (region of no contact or zero
force). As the cantilever approaches the sample (from right to left), intermolec-
ular forces between the bead and sample cause the cantilever to deflect upwards
in this case due to repulsive forces. Eventually, the bead on the cantilever makes
contact with the sample and their movement becomes coupled (region of con-
stant compliance). The bead is then retracted from the sample (left to right) until
the cantilever and sample return to their original positions thereby completing
one cycle. The detector signal (V) is converted into force (nN) using the optical
lever sensitivity (nm V−1) and the cantilever spring constant (in nN nm−1). The
displacement of the piezoelectric scanner is converted into separation by cor-
recting for the deflection of the cantilever and by selecting a point of contact (i.e.,
origin of thex axis). By convention repulsive forces are positive and attractive
forces are negative. Hysteresis, shown here, may occur upon retraction due to
the formation of an attractive, adhesion force (see label). The work or energy
associated with a retraction curve can be described by integrating force with
respect to distance (see shaded region).

compliant (i.e., flexible) component of the system. If another
component (e.g., a cell) is more compliant than the cantilever
then there will not be a 1:1 correlation between the flexure
of the “free end” of the cantilever and the movement of thez
piezoelectric scanner. This will be discussed again in Section3
below.

Displacement of thez-piezo was converted into distance or
separation values by correcting the movement of the piezo-
electric scanner by the cantilever’s deflection, and selecting
the origin of the separation axis (i.e., distance of zero) as
the “beginning” or “end” of the region of constant compli-
ance (seeFig. 3). The resulting force–distance curves were
analyzed with SPIP (Image Metrology) and Igor Pro (Wave-
Metrics) software. Only retractions curves are discussed herein
as these are typically referred to as force spectroscopy in the
literature.
hese data begin as the bead andStaphylococcus-coated cove
lip are far apart resulting in the initial deflection-free p
ion of the approach curve (i.e., horizontal line). The bea
hen brought into contact with a cell and subsequently pu
gainst the cell surface causing an upward deflection of the

ilever. This region of contact is sometimes referred to as
region of constant compliance”. The movement of the p
s then reversed such that the bead is pulled away from
ell resulting in the retraction curve. Retraction begins as a
ar relaxation of the cantilever deflection followed by, in so
ases, a downward deflection due to adhesion forces be
he bead and bacterium. Finally, the cantilever snaps ba
ts deflection-free position after adhesion forces are overc
n entire approach–retraction cycle typically takes less
s. It is the retraction curve that is often referred to as f
pectra.

Raw data, plotted as so-called “voltage–displacement” cu
Fig. 3A), can be converted into “force–distance” cur
Fig. 3B) according to a well-established protocol[12,13]. Volt-
ge data were converted into force data using the spring co
nN nm−1) of the cantilever and the optical lever sensitiv
hich is a measure of the cantilever flexion per voltag
hotodiode output (nm V−1). For these measurements, the c

ilever spring constant was determined to be 0.02 N m−1 using
he hydrodynamic drag method of Craig and Neto[14]. The
ptical lever sensitivity was determined from the inverse s
f the region of constant compliance, where the tip is in
ontact with the surface, thus forcing the cantilever to fle
irect response toz-piezo displacement. It is worth noting th

his procedure for determining the optical lever sensitivit
alid only for situations in which the cantilever is the m



R. Yongsunthon, S.K. Lower / Journal of Electron Spectroscopy and Related Phenomena 150 (2006) 228–234 231

3. Results and discussion

3.1. Force spectra between Staphylococcus and glass or
polystyrene in aqueous solution

Either a glass or polystyrene bead (∼10�m diameter) was
brought into contact with aS. aureus cell on a cover slip. The
bead was then pulled from a cell while monitoring the force
required to retract the cantilever a certain distance (i.e., retraction
data or force spectra). This was repeated on 15–20 different cells
from three different cultures of bacteria. Two different glass bead
and two different polystyrene bead probes were used in these
AFM experiments.

Fig. 3B shows one force profile obtained betweenS. aureus
and a silica glass bead in 0.1 M NaCl. The approach curves
for glass (and polystyrene) exhibited purely repulsive forces of
interaction withS. aureus. However,∼40% of the retraction
curves exhibited an attractive, adhesion force with glass (e.g.,
see retraction curve inFig. 3B). For polystyrene,∼50% of the
retraction curves revealed an adhesion event withS. aureus.

The inverted optical microscope (seeFig. 1) made it rela-
tively easy to ensure that a silica (or polystyrene) bead made
contact with aStaphylococcus cell. As a control we collected
force measurements between a silica (or polystyrene) bead and
a cell-free area of the glass cover slip used to support the bac-
teria (seeFig. 2). These control curves exhibited only repulsive
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Such differences in the optical lever sensitivities are not
uncommon when soft materials such as cells are probed with an
AFM. This is because the cell is more compliant than the can-
tilever, for small compressions. Therefore, the region of constant
compliance, which provides the nm V−1 conversion factor (see
Fig. 3), includes the combined effects of cantilever flexion and
cell compression. In essence, the cantilever deflects less per unit
of z-piezo movement as some of its deflection is absorbed by the
cell. Therefore, this portion of the voltage–displacement curve
will not accurately reflect cantilever response and will result
in a smaller slope of the region of constant compliance (small
V nm−1) and a larger optical lever sensitivity (large nm V−1).

Rather than using a particular curve’s region of constant com-
pliance to determine its optical lever sensitivity, we determined
an average optical lever sensitivity on a rigid glass surface before
and after force measurements with bacteria cells. A number of
silicon nitride cantilevers, manufactured from the same wafer,
were fitted with glass beads. These glass bead cantilevers were
pressed against a hard glass surface in the same electrolyte
solution used with the bacteria. In doing so, we ensured that
the cantilever was the most compliant component of the sys-
tem. The resulting optical lever sensitivity ranged from 130 to
135 nm V−1. We used these values to determine force–distance
curves (or force spectra) for the measurements shown herein.

It is worth noting that if the cantilever is pushed with suf-
ficient force, the soft components of a surface will typically
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orces in keeping with purely electrostatic forces between g
nd either polystyrene or another glass surface (data not sh

The raw force curves for theStaphylococcus bead measure
ents yielded values for the optical lever sensitivity (i.e.,

lope of the region of constant compliance) that varied so
hat. In particular, the region of constant compliance for s
urves could be defined by two lines of different slope. For ex
le, in some measurements optical lever sensitivity values v

rom ∼100 to∼200 nm V−1. Fig. 4shows what happens wh
ifferent values for the optical lever sensitivity are applied to
xact same “voltage–displacement” curve. Not only is the f
xis significantly impacted but also the separation (or dista
xis.

ig. 4. Force–distance curves (i.e., force spectra) for a bead being pulled
rom aS. aureus bacterium in 0.1 M NaCl solution. All three curves were ge
ted from the same voltage–displacement data (i.e., raw data) by using d
alues for the optical lever sensitivity (see values in nm V−1 on each curve
s shown here, the optical lever sensitivity impacts not only the derived
alues but also the separation distance.
s
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each their limit of compression, after which the cantile
ecomes the most compliant element in the system. Alth

hese extreme regions of constant compliance more accu
ndicate the cantilever response, the forces required often
ge the cells and/or contaminate the colloid-probe with
omponents. Potential contamination of the colloid-probes
n these experiments was evaluated by periodically meas
orces on a clean glass surface (data not shown).

Fig. 5shows several force spectra observed when a gla
olystyrene substrate was retracted from anS. aureus bacterium

n 0.1 M NaCl. The maximum adhesion force in individual sp
ra ranged from a few picoNewton to more than 0.5 nN.

ig. 5. Force–distance curves (i.e., force spectra) recorded when a si
olystyrene bead was pulled from contact with a livingS. aureus bacterium in
aline solution. Most spectra show only “jump from contact features” (see r
rom 0 to 25 nm). Some profiles have a distinct “sawtooth” shape (see r
rom 100 to 200 nm). The worm-like chain model (Eq.(1)) was used to predi
he force–extension relationship for a cell wall protein that formed a bond
he surface of a bead (dotted gray-colored curve).
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noted above, only 40–50% of the retraction curves revealed an
attractive interaction. For those retraction curves that showed
an attractive force, most were unremarkable, exhibiting only a
“jump from contact” feature (see retraction curves between 0
and 25 nm inFig. 5). This occurs when the spring constant of
the cantilever exceeds the actual force-gradient between the cell
and glass (or polystyrene) causing the bead to decouple from the
cell or “jump” from contact with the cell. Such features are con-
sistent with non-specific, attractive interactions such as the van
der Waals force. A few retraction curves (2–3%), particularly
for polystyrene, exhibited a long-range attractive bond that dis-
played a “sawtooth” like profile (see retraction curves between
100 and 200 nm inFig. 5).

3.2. Adhesion force and energy (or work) determinations

To compare force spectra for the two materials used in these
experiments, we plotted histograms of the maximum adhesion
force observed betweenS. aureus and a silica or polystyrene
bead. The adhesion force was found to be larger for bacteria on
polystyrene relative to glass (Fig. 6A).

One shortcoming of this approach is that the adhesion force
represents but one datum point on a retraction curve. For
bacterium–material interactions that are long range (tens to hun-
dreds of nanometer) the entire force spectra can be embodied in
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Fig. 6. Histograms describing the frequency for which a particular adhesion
force or determination of work was observed in the force spectra. (A) For those
retraction curves that exhibited adhesion, the average adhesion force for silica
glass and polystyrene are 38± 4 pN (10−12 N) and 52± 9 pN, respectively. (B)
Likewise, the average work/energy necessary to completely separateS. aureus
from silica or polystyrene are 1.5 aJ (10−18 J) and 2.3 aJ, respectively. Retrac-
tion curves that did not display any attractive bond were not included in these
histograms.

to the surface charge, hydrophobicity and surface roughness of
silica and polystyrene. For comparison, the surface potential for
Staphylococcus cells is−2 to−10 mV and the contact angle of
a buffer solution on a monolayer ofStaphylococcus is 20–37◦
[15]. The surface roughness of a bacterium is difficult to measure
because of the dynamic nature of macromolecules on a cell’s
surface. As a gross estimate, we measured a range of values
from 40 to 80 nm for the rms roughness on a 1�m2 area of
Staphylococci shown inFig. 2.

The surface charge for both materials (Table 1) and the bacte-
ria [15] are negative. Therefore, it seems unlikely that the overall
surface charge can explain the observed attractive bonds in the
force spectra. On the other hand, the surface roughness and, to
a lesser extent, the hydrophobicity, seem to provide an expla-
nation as to why a greater force/energy is observed betweenS.
aureus and polystyrene relative to silica.

The rms roughness of the polystyrene bead is 1.5–2.5 times
greater than that of the glass bead (seeTable 1). This greater
roughness is likely due to the surface structure of the polystyrene
single energy or work value. This is accomplished by inte
ng force with respect to distance (seeFig. 3B) in spectra such a
hose shown inFig. 5. Fig. 6B shows a histogram of the work
nergy (in attoJoules) required to separate aStaphylococcus cell

rom silica or polystyrene. Like the adhesion forces (Fig. 6A),
here was a significant difference for the work/energy value
lass versus polystyrene.

Because the beads used in these experiments were all th
ize (radius∼5�m), the difference in affinity betweenS. aureus
nd glass versus polystyrene is likely due to the different su
roperties of these two materials.Table 1presents values relat

able 1
omparison of surface properties of silica and polystyrene

urface potential (mV)
Silicaa −21 to−35
Polystyreneb −35 to−75

ontact angle (◦)
Silicac 0 to 5
Polystyrened 82 to 96

urface roughness (nm)
Silicae 1.8 to 3
Polystyrenef 4.5

a From references[13,24,25]for circumneutral solutions composed of 0.1
aCl, KCl or KNO3.
b From references[16,26,27]for circumneutral solutions composed of 0.1
aCl or KNO3.
c From reference[28] for water.
d From reference[29] for ultrapure water and reference[28] for 0.01 M sodium
hosphate solution.
e From reference[13] for measurement of peak-to-peak roughness of s
ead and rms analysis shown in this work.
f From rms analysis shown in this work.
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bead, which consists of “hairs” or “brushes” of polymer that
extend into solution ([16] and L. Luce, Polysciences Inc.,
personal communication, 2004). Greater surface roughness is
expected to lead to a greater force of van der Waals attraction
[17] and decreased electrostatic repulsion between particles of
the same charge[18]. Hence, most of the attractive interactions
betweenS. aureus and the two materials (see “jump from con-
tact” features inFig. 5) appear to be the result of non-specific
interactions such as the van der Waals force.

3.3. Identification of macromolecules that form a bond

The previous discussion reveals that there is a clear distinc-
tion between the adhesion force/work of adhesion experienced
by S. aureus on polystyrene versus silica glass.S. aureus has a
stronger affinity for polystyrene presumably because of stronger
non-specific forces. However, a limited number of the retraction
curves betweenS. aureus and polystyrene show a unique “saw-
tooth” like feature (seeFig. 5). These are regions of the spectra
where force increases non-linearly and then suddenly recoils
back towards the line of zero force. Recently, we showed that
such sawtooth features represent the physical decoupling of a
protein that forms a specific bond between a bacterium and a
substrate[19]. The origin of these sawteeth can be understood
by comparing the retraction curves to theoretical models, which
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4. Conclusions

This manuscript provides quantitative data describing the
force of attraction between aS. aureus bacterium and each of
two materials (silica and polystyrene) in an electrolyte solu-
tion. This bacterium formed an attractive bond with either sur-
face approximately 40–50% of the time. The strength of this
bond was 38± 4 pN (10−12 N) and 52± 9 pN for glass and
polystyrene, respectively. The origin of this bond was likely
due to non-specific forces such as the van der Waals force. In
some instances, the force spectra displayed a unique sawtooth
signature. These spectra were compared to the worm-like chain
model (Eq.(1)), which provides a theoretical description of the
force necessary to extend a protein macromolecule. This com-
parison suggests that proteins on the cell wall of the bacterium
occasionally (<3% of the time) formed a specific, physical bond
with the material substrates.
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