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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 naturall;
occurring mineral or man-made material. We have used atomic force microscopy to directly measure forces b&twéev@ccus 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~10um 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 we
3844 pN (10*2N) and 524 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 betweel
S. aureus and glass or polystyrene.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Over the last few years, atomic force microscopy (AFM) has
become the instrument of choice for probing forces between
On Earth, most (>97%) of the millions of different species of surfaces.Fig. 1 provides a diagram and brief description of
prokaryotes live in contact with one or more of the 3000 differentour AFM experimental setup. We and our colleagues have used
mineral species that occur in the soil and subsurface envirorAFM to measure forces that a bacterial cell experiences as it
mentg[1-3]. The creation of man-made materials, such as plasapproaches a material surface, as well as the force necessary to
tics and alloys has provided microorganisms with other nicheslecouple bonds that may form once a cell makes contact with a
in the environment. Arguably this makes the microbe—mineramaterial surface (e.g., see refé-9]). The latter measurement
or, more generally, the microbe—material interface the most sigs often termed “force spectroscopy”, because the AFM force-
nificant interface in nature. data profiles (also known as force curves) have the appearance of
The structure and reactivity of this interface can be describedpectra-data. However, AFM actually measures forces by mon-
in terms of a number of parameters including: the macroitoring the physical deflection of a mechanical, force-sensing
molecules (e.g., proteins, lipids, polysaccharides) on a microoeantilever rather than observing electromagnetic spectra per se.
ganism, the surface properties (e.g., surface charge density, This manuscript is intended to provide the reader with an
topography) of a material, and the composition of the aqueintroduction to AFM force spectra measurements between bac-
ous solution between the material and microbe. Regardledsria and other surfaces immersed in aqueous solution. We
of the specifics of these parameters, at its very essence eawfil present force—distance profiles describing the relationship
microbe—material interface is defined by and, in fact, createtbetween a Gram-positigaphylococcus aureus and two differ-
by fundamental inter- and intra-molecular forces between a cektnt materials, silica and polystyrene, that are commonly found
and an inorganic or organic surface. in the environment. These data will be interpreted in terms of
the maximum force necessary to separate a cell from a material
surface, and the total amount of potential energy encapsulated
within the cell-material interface. The measured force—distance
* Corresponding author. profiles will also be compared to a theoretical force—extension
E-mail address: lower.9@osu.edu (S.K. Lower). model to identify putative macromolecules (e.g., proteins)
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that may form a physical bond between a cell and anotheatopographic image of the silica surface. The root mean squared

surface. (rms) roughness was determined to be 1.8 nm overm3area.

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 ofthe surface of the polystyrene beads. The rms roughness

was determined to be 4.5 nm over arh? area with a vertical

Materials used in these experiments included both silica antgnge of 35 nm.
polystyrene beads(10um in diameter; from Duke Scientific
and Polysciences, Inc.). A single glass or polystyrene bead waks?- Preparation of bacteria cells for AFM measurements
attached to the end of a silicon-nitride cantilever with epoxy

resin (se€Fig. 1for reference). These colloid-probes were used Bacteria used inthese experiments included a wild-type strain
in an AFM to probe living bacteria cells of S. aureus kindly provided by A. Peschebzaphylococcus is a

Priorto their use, glass beads were cleaned in a mixture Ofsugram—positive, facultative aerobe that typically occurs as pairs

furic acid and hydrogen peroxidi0] to remove any proprietary or cIu_ster§ of cocci cellﬁl_]. Individual cells are apprqximately _
coating. These glass beads were then rinsed ten times in ultrm in dmme;gr. Ba%tina were dgkr)own o gfxpon_entlalgg asein
pure water (MilliQ water). The surface roughness of the glas%rypt'C soy media, and harvested by centrifugation at 50Q0

bead was determined by using AFM in “image mode” to collect or 3min. 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. 2showssS. aureus cells on a cover slip that was used in
the AFM to collect force spectra. The image showrFig. 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
cover slip, which was immersed in agueous solution.

2. Methods and materials

2.1. Preparation of materials for AFM measurements

photodetector

2.3. Atomic force microscopy in water

“free-end”
A commercial AFM (Veeco/Digital Instruments; Bioscope
glass or AFM) was used to collect force measurements in a circumneu-

polystyrene bead

aqueous solution

Beene ey

inverted optical
microscope

bacteria cells

cover slip

Fig. 1. Schematic diagram showing the key components of an atomic force
microscope (AFM), which, in this case, has been mounted on an inverted opti-
cal microscope. The cantilever and sample are within a fluid cell (not shown)
containing aqueous solution. Force measurements are made by recording th
deflection of asensor (i.e., cantilever) in response to attractive or repulsive forceg
between a bead, mounted on the “free end” of the cantilever, and a bacteriu
on a cover slip. A piezoelectric scanner is used to translate the “fixed end” of
the cantilever. In so doing, the bead indexes towards, makes contact with, and
retracts from a cell. Deflection of the “free end” of the cantilever is monitored ) ) ) )
by reflecting a laser off the top of the cantilever and into a split segment phoFi9- 2. Atomic force micrograph of a wild-type strainSiphylococcus aureus
todiode. The data presented in this paper are the force “spectra” or retractidif! @ COVer slip. Thisimage is 26 on a side. A sharp cantilever tip, as opposed
curves collected when a bead is pulled away from a bacterium. This figure is ndP the colloid bead probe (shown Fig. 1) was used to image these bacteria

to scale. cells.
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tral, electrolyte solution containing 0.1 M sodium chloride. In 0 200 400

B . . . 0.8 1 t T t T % 0.8
the “force mode” set up the andy piezoelectric scanners are .
disabled so that movements are made only i ithe., vertical) "=o° 061 -1 06
direction. = ok R dos

Cells were located on a cover slip by using transmitted g ST il '
light and a 100X/1.45 N.A. objective (ZeissPlan-Fluar) on R S, S 402
an inverted optical microscope attached to the AFM (GEge 1 8 ", R
. . . @ 00+ 0.0

for reference). A colloid-probe was positioned directly over a 3 E NG ratiaciitn
monolayer patch of cells. The cantilever was translated towards 02+ E\E é, -1-0.2
a bacterium on a cover slip using thepiezoelectric scanner. — o
Once contact was established, the cantilever was pushed to a (A) movement of piezo scanner (nm)

maximum loading force (i.e., force of the bead on the cell wall)
0 50 100 150 200 250 300

of 1-4 nN. Finally, the cantilever was pulled away from the bac- :

I I I I I I

terium’s surface. 0.4 <404

A diode laser was used to monitor the deflection of the can- 5ol e .
tilever in response to attractive or repulsive forces between a ’z; ' '
bacterium and the bead on the end of the cantilever. The raw- o 0ok 0.0
data were collected as the output of the photodiode detector E o g
(which is directly proportional to the deflection of the cantilever) AR I
as a function of the displacement of thpiezoelectric scanner ) B il \A,’ || P
(which controls the position of the bead relative to the bacte- | | | | | | |
ria sample). Subsequent to AFM measurements, cell viability 0 50 100 150 200 250 300

(B) separation or distance (nm)

was confirmed by observing the bacteria divide in a small quan-
tify of broth which was placed onto the bacteria-coated coverig. 3. Schematic diagrams of (A) voltage—displacement and (B) force—distance
slip_ curves. When the cantilever or more specifically, the bead on the cantilever, and

A sample approach-retraction curve is shownFig. 3. sample are far apart they exhibit no interaction (region of no contact or zero

These data begin as the bead Smj;hylococcus-coated cover force). As the cantilever approaches the sample (from rlght to left), intermolec-
ular forces between the bead and sample cause the cantilever to deflect upwards

Slip are far apart resulting in the initial deflection-free POI=in this case due to repulsive forces. Eventually, the bead on the cantilever makes
tion of the approach curve (i.e., horizontal line). The bead iSontact with the sample and their movement becomes coupled (region of con-
then brought into contact with a cell and subsequently pushestant compliance). The bead is then retracted from the sample (left to right) until
against the cell surface causing an upward deflection of the caffte cantilever and samplg return tp their origingl positions therepy comple'ting
tilever. This region of contact is sometimes referred to as th§ne cycle. The detector signal (V) is converted into force (nN) using the optical
. . . ever sensitivity (nm V1) and the cantilever spring constant (in nNTih The
‘region of constant compllance". The movement of the p|ezodisplacement of the piezoelectric scanner is converted into separation by cor-
is then reversed such that the bead is pulled away from thecting for the deflection of the cantilever and by selecting a point of contact (i.e.,
cell resulting in the retraction curve. Retraction begins as a linerigin of thex axis). By convention repulsive forces are positive and attractive
ear relaxation of the cantilever deflection followed by, in somedorces are.negative. Hyste'resis, shoyvn here, may occur upon retraction due to
cases, a downward deflection due to adhesion forces betwed}§ formation of an attractive, adhesion force (see label). The work or energy
. . . associated with a retraction curve can be described by integrating force with

the bead and bacterium. Finally, the cantilever snaps back tQspect o distance (see shaded region).
its deflection-free position after adhesion forces are overcome.
An entire approach—retraction cycle typically takes less than
1s. It is the retraction curve that is often referred to as force
spectra. compliant (i.e., flexible) component of the system. If another

Raw data, plotted as so-called “voltage—displacement” curvesomponent (e.g., a cell) is more compliant than the cantilever
(Fig. 3A), can be converted into “force—distance” curvesthen there will not be a 1:1 correlation between the flexure
(Fig. 3B) according to a well-established proto§b?,13] Volt- of the “free end” of the cantilever and the movement of the
age data were converted into force data using the spring constapiezoelectric scanner. This will be discussed again in Seétion
(nNnm1) of the cantilever and the optical lever sensitivity, below.
which is a measure of the cantilever flexion per voltage of Displacement of the-piezo was converted into distance or
photodiode output (nm V). For these measurements, the can-separation values by correcting the movement of the piezo-
tilever spring constant was determined to be 0.02Nmsing  electric scanner by the cantilever's deflection, and selecting
the hydrodynamic drag method of Craig and NEtd]. The the origin of the separation axis (i.e., distance of zero) as
optical lever sensitivity was determined from the inverse slopghe “beginning” or “end” of the region of constant compli-
of the region of constant compliance, where the tip is in hardance (seeFig. 3). The resulting force—distance curves were
contact with the surface, thus forcing the cantilever to flex inanalyzed with SPIP (Image Metrology) and Igor Pro (Wave-
direct response tg-piezo displacement. It is worth noting that Metrics) software. Only retractions curves are discussed herein
this procedure for determining the optical lever sensitivity isas these are typically referred to as force spectroscopy in the
valid only for situations in which the cantilever is the most literature.
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3. Results and discussion Such differences in the optical lever sensitivities are not
uncommon when soft materials such as cells are probed with an

3.1. Force spectra between Staphylococcus and glass or AFM. This is because the cell is more compliant than the can-

polystyrene in aqueous solution tilever, for small compressions. Therefore, the region of constant

compliance, which provides the nnTV conversion factor (see
Either a glass or polystyrene bead1(0m diameter) was Fig. 3), includes the combined effects of cantilever flexion and
brought into contact with &. aureus cell on a cover slip. The cell compression. In essence, the cantilever deflects less per unit
bead was then pulled from a cell while monitoring the forceof z-piezo movement as some of its deflection is absorbed by the
requiredtoretractthe cantilever a certain distance (i.e., retractiocell. Therefore, this portion of the voltage—displacement curve
data or force spectra). This was repeated on 15-20 different ceNgill not accurately reflect cantilever response and will result
from three different cultures of bacteria. Two different glass beadn a smaller slope of the region of constant compliance (small
and two different polystyrene bead probes were used in thesénm~1) and a larger optical lever sensitivity (large nm¥).
AFM experiments. Rather than using a particular curve’s region of constant com-
Fig. 3B shows one force profile obtained betwetmureus  pliance to determine its optical lever sensitivity, we determined
and a silica glass bead in 0.1 M NaCl. The approach curvean average optical lever sensitivity on arigid glass surface before
for glass (and polystyrene) exhibited purely repulsive forces ofind after force measurements with bacteria cells. A number of
interaction withS. aureus. However,~40% of the retraction silicon nitride cantilevers, manufactured from the same wafer,
curves exhibited an attractive, adhesion force with glass (e.gwere fitted with glass beads. These glass bead cantilevers were
see retraction curve iRig. 3B). For polystyrene;~50% of the  pressed against a hard glass surface in the same electrolyte
retraction curves revealed an adhesion event Svithureus. solution used with the bacteria. In doing so, we ensured that
The inverted optical microscope (s€ey. 1) made it rela- the cantilever was the most compliant component of the sys-
tively easy to ensure that a silica (or polystyrene) bead madm. The resulting optical lever sensitivity ranged from 130 to
contact with aStaphylococcus cell. As a control we collected 135nm V1. We used these values to determine force—distance
force measurements between a silica (or polystyrene) bead ardrves (or force spectra) for the measurements shown herein.
a cell-free area of the glass cover slip used to support the bac- It is worth noting that if the cantilever is pushed with suf-
teria (sedrig. 2). These control curves exhibited only repulsive ficient force, the soft components of a surface will typically
forces in keeping with purely electrostatic forces between glasseach their limit of compression, after which the cantilever
and either polystyrene or another glass surface (data not showitjecomes the most compliant element in the system. Although
The raw force curves for th&aphylococcus bead measure- these extreme regions of constant compliance more accurately
ments yielded values for the optical lever sensitivity (i.e., theindicate the cantilever response, the forces required often dam-
slope of the region of constant compliance) that varied someage the cells and/or contaminate the colloid-probe with cell
what. In particular, the region of constant compliance for som&omponents. Potential contamination of the colloid-probes used
curves could be defined by two lines of different slope. For examin these experiments was evaluated by periodically measuring
ple, in some measurements optical lever sensitivity values variefrces on a clean glass surface (data not shown).
from ~100 to~200 nm V1. Fig. 4shows what happens when  Fig. 5shows several force spectra observed when a glass or
different values for the optical lever sensitivity are applied to thepolystyrene substrate was retracted fronS.anreus bacterium
exact same “voltage—displacement” curve. Not only is the forcén 0.1 M NaCl. The maximum adhesion force in individual spec-
axis significantly impacted but also the separation (or distancefa ranged from a few picoNewton to more than 0.5nN. As
axis.

0 100 200 300
0 50 100 150 200 250 0.4 ' I ' I ' T H 0.4
0.8 I I I H 0.8
0.4 - 04
=z i
£
o 0.0 m*-' 0.0
e
5 " . i
100 nm/V
0.4 --0.4
%150 nm/v i
§200 nmv
0.8 b | 1 1 | H-0.8 0 100 200 300
0 50 100 150 200 250 distance (nm)

separation or distance (nm) ) ] ) -
Fig. 5. Force—distance curves (i.e., force spectra) recorded when a silica or

Fig. 4. Force—distance curves (i.e., force spectra) for a bead being pulled awaplystyrene bead was pulled from contact with a livigureus bacterium in

from asS. aureus bacteriumin 0.1 M NaCl solution. All three curves were gener- saline solution. Most spectra show only “jump from contact features” (see region
ated from the same voltage—displacement data (i.e., raw data) by using differefrom 0 to 25 nm). Some profiles have a distinct “sawtooth” shape (see region
values for the optical lever sensitivity (see values in nni\n each curve).  from 100 to 200 nm). The worm-like chain model (K#)) was used to predict

As shown here, the optical lever sensitivity impacts not only the derived forcehe force—extension relationship for a cell wall protein that formed a bond with
values but also the separation distance. the surface of a bead (dotted gray-colored curve).
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noted above, only 40-50% of the retraction curves revealed an 045 I
attractive interaction. For those retraction curves that showed 4 M glass
an attractive force, most were unremarkable, exhibiting only a
“jump from contact” feature (see retraction curves between 0
and 25nm inFig. 5). This occurs when the spring constant of 0.30
the cantilever exceeds the actual force-gradient between the cell3 ; s
and glass (or polystyrene) causing the bead to decouple from the%
cell or “jump” from contact with the cell. Such features are con- £ 020
sistent with non-specific, attractive interactions such as the van  0.15
der Waals force. A few retraction curves (2—3%), particularly 0.10
for polystyrene, exhibited a long-range attractive bond that dis-

.35 polystyrene | |

Y

played a “sawtooth” like profile (see retraction curves between 0.05 ] ]
100 and 200 nm iffig. 5). 0.00 % 2 %,
0-20 20-40 40-60 60-80 >80
. L (A) adhesion force (picoNewton; pN)
3.2. Adhesion force and energy (or work) determinations 050
B I

To compare force spectra for the two materials used in these ~ 0.45 | Wglass
experiments, we plotted histograms of the maximum adhesion .49 | |@polystyrene
force observed betweeh aureus and a silica or polystyrene 0.35
bead. The adhesion force was found to be larger for bacteria on

. . 2 0.30

polystyrene relative to glas&ig. 6A). § %

One shortcoming of this approach is that the adhesion force 2 %2° é
represents but one datum point on a retraction curve. For £ 020 Z
bacterium—material interactions that are long range (tensto hun-  ¢.15 f
dreds of nanometer) the entire force spectra can be embodied in
a single energy or work value. This is accomplished by integrat-
ing force with respect to distance (deig. 3B) in spectra such as 005 ] ﬂ_h
those shown iffrig. 5. Fig. 6B shows a histogram of the work or 0.00 2
energy (in attoJoules) required to separaigiphylococcus cell 005 0510 1015 1520 2025 2530 >30
from silica or polystyrene. Like the adhesion forcEgg( 6A), ®) energy or work (attoJoules; aJ)
there was a significant difference for the work/energy values forig. 6. Histograms describing the frequency for which a particular adhesion
glaSS Versus polystyrene. force or determination of work was observed in the force spectra. (A) For those

Because the beads used in these experiments were all the safgieaction curves that exhibited adhesion, the average adhesion force for silica
. . . . - 12 ;
size (radius~5 um), the difference in affinity betweeh aurens 935S and polystyrene are 38 pN (10"“N) and 52 9pN, respectively. (B)
d alass versus polvstvrene is likely due to the different surfa Likewise, the average work/energy necessary to completely separateus
andag : polysty ) y Chom silica or polystyrene are 1.5aJ (1§J) and 2.3 aJ, respectively. Retrac-
properties of these two materialable lpresents values related tion curves that did not display any attractive bond were not included in these

histograms.

Table 1 .
Comparison of surface properties of silica and polystyrene 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

Surface potential (mV)

Silica® —21to—35 ' )

Polystyrend _35t0-75 a buffer solution on a monolayer &faphylococcus is 20-37
Contact angle) [15]. The surface roughpess of a bacteriumis difficult to measure

Silica® 0to5 because of the dynamic nature of macromolecules on a cell’s

Polystyrené 82 to 96 surface. As a gross estimate, we measured a range of values
Surface roughness (nm) from 40 to 80 nm fo_r th_e rms roughness on ar? area of

Silica® 1.8t03 Staphylococci shown inFig. 2

Polystyrené 45 The surface charge for both materialalle J and the bacte-

@ From referencefl3,24,25]for circumneutral solutions composed of 0.1 M ria[15] are negative. Ther?fore’ itseems unlikely Fhat the OV?ra"
NaCl, KCl or KNOs. surface charge can explain the observed attractive bonds in the

b From referencefl6,26,271for circumneutral solutions composed of 0.1M force spectra. On the other hand, the surface roughness and, to
NaCl or KNG;. a lesser extent, the hydrophobicity, seem to provide an expla-

© From referencé28] for water. nation as to why a greater force/energy is observed bet&een

d From referencf29] for ultrapure water and referenf@s] for 0.01 M sodium . e
phosphate solution. aureus and polystyrene relative to silica.

¢ From referencgL3] for measurement of peak-to-peak roughness of silica 1 ne rms roughness of the polystyrene bead i5.1-5_2-5 times
bead and rms analysis shown in this work. greater than that of the glass bead (3able 1. This greater
" From rms analysis shown in this work. roughnessiis likely due to the surface structure of the polystyrene
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bead, which consists of “hairs” or “brushes” of polymer that4. Conclusions

extend into solution [(6] and L. Luce, Polysciences Inc.,

personal communication, 2004). Greater surface roughness is This manuscript provides quantitative data describing the

expected to lead to a greater force of van der Waals attractioforce of attraction between & aureus bacterium and each of

[17] and decreased electrostatic repulsion between particles tbffo materials (silica and polystyrene) in an electrolyte solu-

the same chargéd8]. Hence, most of the attractive interactions tion. This bacterium formed an attractive bond with either sur-

betweensS. aureus and the two materials (see “jump from con- face approximately 40-50% of the time. The strength of this

tact” features irFig. 5) appear to be the result of non-specific bond was 38 4pN (10°12N) and 52+ 9pN for glass and

interactions such as the van der Waals force. 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

3.3. Identification of macromolecules that form a bond signature. These spectra were compared to the worm-like chain
model (Eq.(1)), which provides a theoretical description of the

_ The previous discussion reveals that there is a clear distingyrce necessary to extend a protein macromolecule. This com-

tion between the adhesion force/work of adhesion experlenceﬁiariSon suggests that proteins on the cell wall of the bacterium

by S. aureus on polystyrene versus silica glassaureus has @ gccasionally (<3% of the time) formed a specific, physical bond
stronger affinity for polystyrene presumably because of strongegith the material substrates.

non-specific forces. However, a limited number of the retraction
curves betweeSR. aureus and polystyrene show a unigue “saw-
tooth” like feature (se€ig. 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 tha]I:

. : 0
such sawtooth features represent the physical decoupling of
protein that forms a specific bond between a bacterium and
substratd19]. The origin of these sawteeth can be understoo
by comparing the retraction curves to theoretical models, whic

. . ; -Tak.

have been developed to describe force—extension relationships
of polymers such as proteins.

One such model, called the worm-like chain theory, wasReferences
developed to predict the entropic elasticity of linear polymers , _ _
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