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Atomic force microscopy study of the role of
LPS O-antigen on adhesion of E. coli
Joshua Straussa, Nancy A. Burnhamb and Terri A. Camesanoa*
The O-antigen is a highly variable component of the
J. Mol. Rec
lipopolysaccharide (LPS) among Escherichia coli strains and is
useful for strain identification and assessing virulence. While the O-antigen has been chemically well characterized in
terms of sugar composition, physical properties such as O-antigen length of E. coli LPS have not been well studied,
even though LPS length is important for determining binding of bacteria to biomolecules and epithelial cells. Atomic
force microscopy (AFM) was used to characterize the physicochemical properties of the LPS of eight E. coli strains.
Steric repulsion between the AFM tip (silicon nitride) and the E. coli cells wasmeasured andmodeled, to determine LPS
lengths for three O157 and two O113 E. coli strains, and three control (K12) strains that do not express the O-antigen.
For strains with an O-antigen, the LPS lengths ranged from 17W 10 to 37W 9nm, and LPS length was positively
correlated with the force of adhesion (Fadh). Longer lengths of LPS may have allowed for more hydrogen bonding
between the O-antigen and silanol groups of the AFM silicon nitride tip, which controlled the magnitude of Fadh. For
control strains, LPS lengths ranged from 3W 2 to 5W 3nm, and there was no relationship between LPS length and
adhesion force between the bacterium and the silicon nitride tip. In the absence of the O-antigen, we attributed Fadh to
electrostatic interactions with lipids in the bacterial membrane. Copyright � 2009 John Wiley & Sons, Ltd.
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INTRODUCTION

Recent E. coli outbreaks in spinach and meat have demonstrated
the continuing threats posed by pathogenic E. coli (Strachan et al.,
2006; Ciftcioglu et al., 2008; Uhlich et al., 2008). However, in
nature, most E. coli are harmless and many are necessary for
human digestion (Bettelheim et al., 1974). Testing for pathogenic
E. coli includes serotyping of the O-antigen. E. coli serotypes O157
and O113 usually cause severe symptoms of dysentery and can
lead to kidney failure (Griffin and Tauxe, 1991; Dean-Nystrom
et al., 1997; Nataro and Kaper, 1998; Parma et al., 2000). O-antigen
is an important indicator for determining if an isolated E. coli
strain is pathogenic, however, there are no universal relationships
between serotype and pathogenicity. The most problematic
foodbourne pathogen is E. coli O157, which is synonymous with
widespread outbreaks of contaminated food (Besser et al., 1993;
Bell et al., 1994; Maki, 2006). While the O-antigen is known to be
important for E. coli pathology, the evolutionary advantage of the
numerous variations of O-antigens remains unclear.
The LPS is comprised of the lipid A that extends from the

bacterial membrane, followed by an inner and outer core, and a
repeating O-antigen chain (Hitchcock et al., 1986; Goldman and
Hunt, 1990; Caroff and Karibian, 2003). The lipid A contains
saturated fats and phospholipids, which in part gives the
bacterium a negative charge (Caroff and Karibian, 2003) and is
widely conserved among E. coli (Sumihiro Hase, 1976; Schromm
et al., 2000). Serotyping identifies E. coli in terms of the O-antigen,
flagella antigen, and capsular antigen (Hitchcock et al., 1986).
The O-antigen is a polysaccharide with repeating units of 1 to
>100 (Franco et al., 1998; Murray et al., 2006). The O-antigens of
>180 E. coli strains have been chemically characterized (Stenutz
et al., 2008). Rough bacteria are common laboratory strains that
lack the O-antigen. Smooth strains are the most commonly E. coli
ognit. 2009; 22: 347–355 Copyright � 20
found in nature, which express repeating O-antigen units
(Whitfield, 1995).
The LPS core and O-antigen are key components that mediate

bacterial binding with inorganic materials such as silicon nitride
(Abu-Lail and Camesano, 2003b) and enable aggregation with
other cells (Sheng et al., 2008). The O-antigen assists E. coli
adhesion through hydrogen binding (Tomme et al., 1996). The
length of the O-antigen may control bacterial interaction with
biomolecules and other cells (Tang et al., 2007).
Silicon nitride is a model material to analyze O-antigen

bonding since silica will form on the surface of the silicon nitride
following oxidation (Riley, 2000). Silica is coated with silanol and
binds to the O-antigen via hydroxyl groups (Zhuravlev, 1987). A
previous study demonstrated that bonding of bacterial
O-antigens to silanol occurred via hydrogen bonding (Jucker
et al., 1997). Due to its larger size, the O-antigen likely masks
interactions of the lipid A and underlying proteins from solid
surfaces (Makin and Beveridge, 1996), thus the O-antigen may
control bacterial adhesion for smooth strains.
The AFM is an innovative tool for measuring molecular–

molecular interaction forces (Liu et al., 2008) and capturing high
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resolution images (Karrasch et al., 1994; Moller et al., 1999;
Touhami et al., 2003). Bacterial samples require little preparation
before examination with AFM. AFM steric modeling has been
used extensively to calculate the thickness of bacterial surface
molecules and measure the effects of solution ionic strength on
polysaccharides (Camesano and Logan, 2000; Taylor and Lower,
2008). Previous studies have not systemically correlated LPS
length with forces of adhesion (Fadh). The goal of this study was to
characterize the relationship between E. coli adhesion and LPS
properties.
MATERIALS AND METHODS

Cultures

Eight E. coli strains with different LPS structures were used,
including three control strains that lacked O-antigens (Table 1).
Cultures were short-term stored (<2 weeks) on Luria Broth Agar
(LBA) plates and grown in Luria Broth (LB) at 378C until
mid-exponential phase. Cells were washed three times by
centrifugation for 10 min with sterile 0.01M phosphate buffered
salineþ 0.138M NaClþ 0.0027MKCl pH 7.4 (PBS).

Bacterial attachment to glass slides for AFM measurements

Glass slides were rinsed with ultrapure water (18.2MV cm
resistivity and <10 ppb total organic carbon, Millipore Milli-Q
plus, Billerica, MA, USA), followed by sonication for 15min. Slides
were immersed in 3:1 (v/v) HCl/HNO3 solution for 30min and
rinsed with ultrapure water. Slides were treated with piranha
solution (7:3 (v/v) H2SO4/H2O2 solution) for 30min followed by
rinsing with ultrapure water. Glass slides were immersed in 30%
3-aminopropyltrimethoxysilane in methanol (Sigma–Aldrich) and
rinsed with methanol and ultrapure water.
A 10ml vial of bacterial solution (1� 109 cells/ml) was

combinedwith 300ml of 100mM1-ethyl-3-(3-dimethylaminopropyl)
carbodimide hydrochloride (pH 5.5, EDC, Pierce). The vial was
agitated for 10min. Following EDC treatment, 300ml of 40mM
N-hydroxysulfosuccinimide (pH 7.5, Sulfo-NHS, Pierce) was
combined with the bacterial solution for 10min. Bacterial
solution was added to glass slides and agitated at 40 rpm for
10–12 h to promote bacterial lawn formation. We previously
Table 1. E. coli strains used in present study

Strain Source

E. coli HB101 (ATCC 33694) ATCCa

E. coli K12 (ATCC 29425) NSRDECb

E. coli ML35 (ATCC 43827) NSRDEC
E. coli O113:H4 Health Canada
E. coli O113:H21 University Arizona; ECOR #30c

E. coli O157:H7 (ATCC 43895) ATCC
E. coli O157:H12 Health Canada
E. coli O157:H16 Health Canada

a American Type Culture Collection.
b US Army Natick Soldier Research, Development and Engin-
eering Center.
c Escherichia coli Reference Collection.

www.interscience.wiley.com/journal/jmr Copyright � 2009
published a detailed schematic of the bacterial bonding process
(Liu and Camesano, 2007). EDC/NHS will bind to amine-group
terminations on the bacterial LPS. Functional amino groups on
the bacterial LPS that do not take part in binding to the carboxyl
groups covering the glass will quickly revert back to their original
state since intermediate products are unstable (Wissink et al.,
2000). Therefore, the bacterial LPS exposed to the AFM probe will
be in an intact natural state and will not affect the z potential of
the bacterium.

Atomic force microscopy

Silicon nitride probes were immersed in 100% ethanol for 1 h
followed by UV treatment (365 nm) to remove organic films.
Spring constants of the silicon nitride cantilevers (tip
radius¼ 20–60 nm; Veeco Instruments Inc., Santa Barbara, CA)
were measured using a thermal calibration method, and were
found to be 0.07� 0.01 N/m (Matei et al., 2006). The AFM was a
Digital Instruments Dimension 3100 with a Nanoscope III
Controller (Santa Barbara, CA).
Images of the bacteria were captured prior to force

measurements in intermittent contact mode in PBS to mimic
physiological conditions (Figure 1). The bacteria that we analyzed
were single cells and bacteria that were closely packed were not
analyzed. The scan rate was 1.0 Hz and images were captured
with 512� 512 resolution. For each strain, 10 cells were probed,
and five force profiles were captured for each one; hence 50 force
curves were analyzed per condition. Examples of force cycles for
E. coli HB101, E. coli O113:H4, and E. coli O157:H7 are given in
Figure 2. Each force profile contained 512 data points. Fadh was
measured from the retraction portions of the force cycles.
Loading rate, which is the product of the spring constant and
retraction velocity, was 864 nN/s and was held constant for all
experiments. Prior to and following a force cycle on a bacterium,
Figure 1. Example of E. coli O157:H7 immobilized to a functionalized

glass slide using the EDC/NHS treatment in PBS. Force cycles are con-

ducted by centralizing the AFM probe over a bacterium that is immobil-
ized. Five force profiles were recorded per bacterium and 10 bacteria were

probed per strain.

John Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 347–355



Figure 2. Representative force cycles on three E. coli strains. Break-off events occur as the retracting probe overcomes adhesion forces. Pull-off length

of LPS is significantly longer than what is measured with steric modeling since LPS can stretch longer than the contour length and clusters of molecules

may be probed in a single pull-off event. (A) Five force cycles on an E. coli HB101 cell. (B) Five force cycles on an E. coli O113:H4 cell. (C) Five force cycles on

an E. coli O157:H7 cell.
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force measurements were made on a clean glass slide. If a single
sharp adhesion minimum was observed in the approach profile
at �0–5 nm, then the probe was considered clean and could be
used for subsequent experiments.
Approach curves were modeled to quantify steric interactions,

using the models of Alexander (1977) and de Gennes (1987), as
J. Mol. Recognit. 2009; 22: 347–355 Copyright � 2009 John Wil
modified for AFM analysis (Butt et al., 1999).

ln
F

Fo

� �
¼ �2p

L
d (1)

where F is the steric force, F0 the force at zero separation, L a
fitting parameter for representing equilibrium polymer brush
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length, which will be denoted as LPS length, and d is the
tip-sample separation.

Statistical analyses

Statistical software packages from SigmaStat (vs. 2.03) and SAS1

were used to analyze the AFM data. One-way ANOVA tests were
used to compare mean forces of adhesion of control strains with
O-antigen expressing strains.

z potentials

The z potential for each of the eight strains was measured using a
z potential analyzer (Zetasizer Nano ZS; Malvern Instruments,
Worcestershire, UK). E. coli were washed three times in water to
remove growth media and salts. Cells were diluted to
1� 108 cells/ml and injected in a folded capillary cell
(DTS1060; Malvern Instruments). Three sets of at least 10
measurements (100 max) were conducted to ensure reprodu-
cibility. Using the Smoluchowski equation (Smoluchowski, 1916),
the electrophoretic motilities and surface potentials were
converted to z potentials to characterize the negative charge
of the bacterium.
Figure 3. Representative steric modeling for E. coli O157:H7. (A) Repre-

sentative approach curve on a single bacterium (linear scale). The

repulsive event as the AFM probe contacts the LPS is detected by the

AFM probe 49 nm from the rigid bacterial membrane. During this event,
the AFM probe is repelled upward before overcoming steric repulsion. (B)

Steric modeling of approach curve, with slope of fitting line equal to�2p/

L (natural log scale for y-axis). R2> 0.90 for all steric modeling. Based on

example, LPS length is 49 nm.
RESULTS

Steric model on E. coli to determine LPS length

The steric model was applied to the approach curves (Figure 3A)
and an R2> 0.90 was achieved for all data sets (Figure 3B). The
LPS lengths were the shortest for the three strains that lacked
the O-antigen: HB101, K12, and ML35. The average LPS length of
the control strains was 3.5 nm, which is attributed to the lipid A
and core polysaccharide molecules. Averaged equilibrium
polymer lengths for control strains were statistically similar
based on the ANOVA test (p¼ 0.92) (Table 2).
By applying steric modeling to the approach curves of the five

E. coli strains that express O-antigen, we could make quantitative
comparisons based on LPS characteristics. LPS lengths varied
from 17 to 37 nm for strains with O-antigens (Table 2). When we
further considered one serotype, we found that E. coli with the
same O-antigen (in terms of sugar composition) had significantly
different LPS lengths. For example, O157:H7, O157:H12, and
O157:H16 expressed LPS lengths that were significantly different
Table 2. Bacterial LPS properties measured from steric modeling

Strain Equilibrium length (nm) Core typea Fadh (nN) Linear trend (Fadh versus LPS length)

HB101b 5W 3 K12 0.4W 0.1 Control strains y¼ 0.79–0.08x, R2¼ 0.30
K12 3W 2 K12 0.5W 0.2
ML35 3W 2 K12 0.7W 0.4
O113:H4 17� 10 R3 0.6� 0.6 O-antigen strains y¼ 0.07þ 0.02x, R2¼ 0.84
O113:H21 37� 9 R1 1.0� 0.4c

O157:H7 30� 13 R3 0.7� 0.4 All strains y¼ 0.42þ 0.01x, R2¼ 0.54
O157:H12 25� 9 R2 0.6� 0.2
O157:H16 19� 6 R2 0.5� 0.2

a Core types from Amor et al. (2000).
b Bold text represents control K12 strains that do not express the O-antigen.
c Significantly different from all other strains in study (p< 0.05).

www.interscience.wiley.com/journal/jmr Copyright � 2009 John Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 347–355



Figure 5. LPS calculated lengths compared to absolute adhesion forces

per force cycle. R2 values represent goodness-of-fit for linear regression of

E. coli HB101, K12, and ML35.

AFM STUDY OF E. coli LPS
from one another (p< 0.05). The two O113 serotypes had LPS
lengths of 17� 10 nm (for O113:H4) and 37� 9 nm (for
O113:H21), and these values were statistically different from
one another (p< 0.05). Further, LPS lengths of each of the control
strains were significantly shorter compared to all O-antigen
expressing strains (p< 0.05).

E. coli adhesive forces

Each E. coli strain had a different Fadh with the silicon nitride
probe. Even for the control strains, there were some differences in
the adhesion forces they exhibited for the AFM tip. Absolute
adhesion forces for HB101, K12, and ML35 were 0.4� 0.1,
0.7� 0.4, and 0.5� 0.2 nN, respectively (Table 2). The adhesion
force of E. coli ML35 with silicon nitride was significantly higher
than the adhesion of either HB101 or K12 to the probe (p< 0.05).
Of the five O-antigen expressing strains, only E. coli O113:H21

exhibited adhesion forces that were significantly greater than the
average of the control strains (Table 2). While O157:H7 and
O157:H12 had Fadh values that were similar to each other, Fadh
were significantly less for O157:H16 (p< 0.05) (Table 2). The two
O113 serotype strains did not have similar Fadh values, with
O113:H21 exhibiting significantly greater Fadh with silicon nitride
than O113:H4 (p< 0.05).

Effect of core types

The core type had little effect on Fadh, with Fadh values being
statistically similar for K12, R2, and R3 cores (Figure 4). The
adhesion seemed higher for the strain with an R1 core
(O113:H21), but we cannot make this conclusion since we only
examined one bacterial strain with this core type (Table 2). The
control strains that express the K12 core had equilibrium polymer
lengths that were conserved and significantly shorter than
bacteria of the R1, R2, and R3 core types (p< 0.05). However, R1,
R2, and R3 strains also expressed the O-antigen that we
associated with the longer LPS.

Correlating LPS length to Fadh

There was no correlation between fitted LPS length and Fadh with
silicon nitride for any of the control strains (Figure 5). For strains
Figure 4. AFM adhesion forces on silicon nitride probes. Fadh were

averaged for strains containing the same core types.

J. Mol. Recognit. 2009; 22: 347–355 Copyright � 2009 John Wil
O113 and O157, Fadh the maximum adhesion force per force
curve correlated positively with LPS length (Figures 6 and 7). The
strongest correlations were observed for O157:H7 and O157:H12
(R2> 0.90). Strain O157:H16, which expressed the shortest LPS,
had a weak correlation between LPS length and Fadh (R

2¼ 0.54).
When we grouped strains according to whether they

expressed the O-antigen, average LPS lengths correlated well
with average Fadh for O-antigen expressing strains (R2¼ 0.84)
(Table 2). However, when no O-antigen was present, the
correlation was poor (R2¼ 0.30).

Correlating z potential with LPS lengths

Control strains were the most negatively charged, at <�40mV
(Figure 8). There was no clear trend of z potentials versus LPS
length for control strains. However, when considering the relation
of E. coli LPS length to z potential, we found a positive linear
correlation (R2¼ 0.92). E. coli O113:H4 and O157:H16, which had
Figure 6. LPS calculated lengths compared to absolute adhesion forces
per force cycle. R2 values represent goodness-of-fit for linear regression of

E. coli O113:H4 and O113:H21.
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Figure 7. LPS calculated lengths compared to absolute adhesion forces

per force cycle. R2 values represent goodness-of-fit for linear regression of

E. coli O157:H7, O157:H12, and O157:H16.
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the shortest LPS length, were comparable in terms of their z

potentials. Equilibrium polymer lengths for E. coli O157:H7 and
O113:H21 differed by 7 nm and both were �30 nm. These were
the only strains with z potentials >�15mV (Figure 6). z potential
was independent of O-antigen or core oligosaccharide compo-
sition.
DISCUSSION

Relationship between LPS length and adhesion force for
control strains

From the steric modeling, we calculated LPS lengths for the
control strains that are consistent with literature predictions. For
example, Lee estimated the lipid A region to be �2.3 nm (Lee,
2003), with the length due to fatty acids of C12, C14, C16, and C18
(Rietschel et al., 1994). The combination of the lipid A plus inner,
and outer cores was 4.4 nm for E. coli and Salmonella typhimurium
(Kastowsky et al. 1992).
Figure 8. z potentials for the eight E. coli strains measured in ultrapure

water.

www.interscience.wiley.com/journal/jmr Copyright � 2009
The LPS lengths we calculated for the control strains were close
to these values, but were somewhat shorter than expected.
Although our prior work has shown that steric repulsion
dominates bacterial AFM approach curves, electrostatic inter-
actions can also influence LPS conformation (Camesano and
Logan, 2000; Abu-Lail and Camesano, 2003b). Lower ionic
strength solutions correlate to increased steric repulsion
(Johnson et al., 2005). For example, an ionic strength increases
from 0.01 to 0.1M reduced bacterial polymer length four-fold due
to coiling of bacterial surface molecules (Abu-Lail and Camesano,
2003a). At the ionic strengths used in the present study, the
reported LPS length values may also reflect the coiling of
biopolymers on the bacterial surface. Thus, if polymers were
slightly coiled, we may be underpredicting their lengths.
However, the same ionic strength was used for all experiments,
so this coiling effect would have been constant for all strains.
We do not expect any differences in the LPS structure or core

for the three K12 strains, and the LPS lengths calculated via the
steric model were similar. However, differences in the adhesion
forces with silicon nitride were observed among the three K12
strains. These differences may have been influenced by the
presence of other biomacromolecules, lipids, and phospholipids
on the bacterial surfaces. Normally, the O-antigen masks
underlying proteins in the outer membrane (Jucker et al.,
1997; Walker et al., 2004). However, since the control strains lack
the O-antigen, the adhesion force values that we observed may
also have been related to other biomacromolecules and
underlying lipids. z potential measurements demonstrated that
E. coli not expressing the O-antigen have a more negative charge.
This is not necessarily due to control strains expressing more
phospholipids, but rather could be due to the O-antigen
providing shielding of electrostatic double-layer interactions
(Walker et al., 2004).
In addition, ML35 produces the enzyme b-galactosidase, which

acts as a phenotype marker (Guven et al., 2005). ML35 releases
larger quantities of b-galactosidase following membrane
penetration (Guven et al., 2005). The presence of b-galactosidase
may have enhanced adhesion with the silicon nitride probe
compared to the other control strains, although this would need
to be confirmed with other experiments.

Relationship between adhesion forces and LPS lengths for
O-antigen expressing strains

Bacteria are classified in terms of repeating chains of their
O-antigen, capsular composition, and flagella antigens (Hitch-
cock et al., 1986), but the number of repeating O-antigen units is
not part of the serotype classification andmay vary greatly within
a population of bacteria. The length of a single O-antigen unit
was estimated to be �1.0–1.3 nm (Kastowsky et al., 1992;
Murray et al., 2006). E. coli equilibrium LPS lengths were
O113:H21>O157:H7>O157:H12>O157:H16>O113:H4. The
O157 strains did not significantly differ from one another in
terms of average adhesion forces with silicon nitride. E. coli
O113:H21 was significantly more adhesive to silicon nitride than
all other strains, which apparently was due to the longer LPS
lengths observed for this strain.
The O-antigen is a highly variable structure that enables E. coli

attachment to a host cell or biomaterial using specific
ligand–receptor bonding. For instance, E. coli O113 and O157
can adhere well to the intestinal tract and fresh produce (Manges
et al., 2001).
John Wiley & Sons, Ltd. J. Mol. Recognit. 2009; 22: 347–355
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Our results suggest differing sections of the LPS-mediated
adhesion to silicon nitride for control and O-antigen expressing
strains. With the exception of O113:H21 Fadh was almost the same
for control and O-antigen expressing strains. However, Fadh was
independent of core length for control strains, while an
increasing number of O-antigen units present caused Fadh to
increase. Underlying proteins and lipids may have adhered to the
silicon nitride probe in the case of the control strains (Jucker et al.,
1997). Electrostatic charges of E. coli are partially influenced by
negatively charged lipids and phospholipids, and these charges
may have been shielded in the case of O-antigen expressing
strains (Walker et al., 2004). Therefore, themechanisms governing
Fadh for control strains may be electrostatic interactions, while
O-antigen bonds to silicon nitride probes with hydrogen
bonding.
LPS binding may have been governed by the number of

O-antigen units interacting with the silicon nitride. Even the
shortest calculated O-antigen of 13 nm for O113:H4 (calculated
by subtracting LPS length of O113:H4 with averaged LPS length
of control strains) may have blocked the effects of underlying
proteins and lipids. The O-antigen of O113:H4may be too short to
adhere as well to silicon nitride as that of O113:H21. Murray et al.
(2006) found 16–35 units (16–46 nm) of the O-antigen expressed
by Salmonella enterica to be most efficient for macrophage cells
Table 3. O-antigens and core oligosaccharides for pathogenic str

O113:H4 R3 Core1

O113:H21 R1 Core

O113 O-antigen

O157:H12 & O157:H16 R2 Core

O157 O-antigen

Fuc, Fucose; Gal, Galactose; Glc, Glucose; Hep, Heptose; GalNAc
N-acetyl-L-rhamnosamine; Rha, Rhamnose. *Represents point of atta
O157:H7.

J. Mol. Recognit. 2009; 22: 347–355 Copyright � 2009 John Wil
to adhere to and uptake bacteria. This study found a similar trend
in that �15–35 units of the O-antigen on average were most
efficient for E. coli adhesion to silicon nitride (Table 2). However,
based on our AFM force measurements, longer O-antigen
molecules extending >50 nm had the strongest adhesion with
the AFM probe (Figures 4 and 5).
E. coli O113 is an enterohemorrhagic strain (EHEC) due to

expression of Shiga-like toxins (Paton et al., 1999). Adhesion to
host cells in the intestinal tract is a precondition to symptoms of
dysentery (Yu and Kaper, 1992; Phillips et al., 2000). It is therefore
possible that increased adhesion has contributed to this
pathogen’s ability to infect host tissue. However, whether LPS
length can be used to predict E. coli virulence would require
further study.
Comparison of Fadh based on O-antigen composition

The trend of increasing adhesion forces for bacteria expressing
longer LPS may indicate that more sugars of the O-antigen chain
were binding to the silicon nitride. Comparing adhesion profiles
in Figures 4 and 5, O113 and O157 bind more efficiently when
they express longer LPS, but we cannot distinguish Fadh based on
sugar compositions of the O-antigens or core groups. SiO2 forms
ains

, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; RhaNAc,
chment between core oligosaccharide and O-antigen. 1Same for
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when silicon nitride is oxidized (Riley, 2000). About 5� 106 silanol
groups per mm2 are present on the surface of SiO2 (Zhuravlev,
1987). Hydrogen bonding with biomolecules and inorganic
molecules has been proposed as an important function of the
O-antigen. The hydroxyl group of silanol can mediate hydrogen
bonds with the O-antigen when silica is present (Jucker et al.,
1997). Binding to inorganic molecules such as silicon nitride may
be highly dependent on the number of hydrogen bonds that can
form. A previous study on isolated O-antigens showed that
hydrogen bonding was important in controlling O-antigen
adhesion to inorganic molecules such as TiO2, SiO2, and Al2O3

(Jucker et al., 1997).
So far, it has not been possible to relate O-antigen chemical

composition to adhesion, even though sugars bind through
hydrogen bonds (Stubenrauch, 2001). For example, the O157
O-antigen is comprised of N-acetyl-L-rhamnosamine, fucose,
glucose, and N-acetylgalactosamine, while each chain unit for
O113 contains three galactose sugars, N-acetylgalactosamine,
andN-acetylglucosamine (Table 3). Fadh was significantly different
between O113:H4/O113:21 and O157:H7/O157:H16, while LPS
lengths correlated well to Fadh for all O-antigen expressing strains.
No correlations were established between O-antigen compo-
sition and adhesion to minerals such as silica in a prior study on
isolated bacterial O-antigens (Jucker et al., 1998).
Comparison of Fadh based on core type

The core oligosaccharide serves as a bridge between the highly
variable O-antigen and lipid A, and its role in adhesion has never
been investigated. There are only five core structures for E. coli:
K12, R1, R2, R3, and R4. The O-antigen is not conserved to a
particular core structure. For instance, O113:H4 has the R3 core
while O113:H21 has an R1 core. Strain O157:H7 has an R3 core,
while O157:H12 and O157:H16 have the R2 core. The R2 and K12
cores share backbones, with differences found in the terminal
side chains (Heinrichs et al., 1998).
Based on our experiments, we did not find clear relations

between core oligosaccharide and LPS length or adhesion force.
For example, O113:H4 and O157:H7 each have an R3 core, while
LPS length for O157:H7 was double that of O113:H4. Strains
www.interscience.wiley.com/journal/jmr Copyright � 2009
possessing the R2 cores and R3 core were indistinguishable in
terms of LPS length or adhesion forces.
Strain O113:H21 has an R1 core, and this strain behaved very

differently from O113:H4 in terms of adhesion force. Since both
strains express the same O-antigen, the core group may have
been a contributing factor to the observed differences and
adhesion forces were significantly different between O113:H4
and O113:H21. However, based on the strong correlation
between Fadh and polymer length, we suggest that the core
polysaccharide may be less important in mediating initial
interaction with inorganic substrates such as silicon nitride.
CONCLUSION

E. coli strains O157 and O113 are pathogenic strains that are
similar based on their involvement in food and water
contamination and cause the same human intestinal diseases
(Manges et al., 2001). Fadh between silicon nitride and O157 or
O113 did not correlate well to O-antigen or core group chemical
composition. However, physical properties of the LPS were
important. We observed stronger Fadh for strains with longer LPS,
when the O-antigen was being expressed. For strains without
O-antigens, there were no correlations between Fadh and LPS
length. O-antigen expressing strains apparently adhered to the
probes through hydrogen bonds. Control strains were also more
influenced by electrostatic interactions. This study suggests that
LPS length is an important prediction of bacterial adhesion forces
for O-antigen expressing strains.
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