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Adhesion of bacteria to solids is governed by van der
Waals, electrostatic, and acid-base (hydrophobic)
interactions, which are combined in an extended DLVO
model (DLVO-AB) and by interactions of bacterial surface
polymers with the solid surfaces. A method to calculate
polymer interactions was not available yet, and their existence
had been inferred only qualitatively from the deviation of
the actual adhesion from DLVO-AB-based expectations. Here,
we present attempts (i) to quantify polymer interactions
from this deviation and (ii) to calculate them independently
as the sum of repulsive and attractive contributions.
Repulsion was assumed to result from the resistance of
the polymer layer against compression. Its calculation was
most sensitive to the packing density of the polymers in
the cell envelope. Attraction was assumed to origin from
polymer adsorption to the surface and was calculated
on the basis of adsorption data of isolated surface polymers.
Comparison of total interaction energy curves with
adhesion of six Gram-negative bacteria to glass showed
that the low adherence of five strains may have resulted from
dominant polymer repulsion, i.e., hardly compressible
cell envelopes hindered the bacteria to approach the energy
minima resulting from DLVO-AB interactions. One
strain adhered readily, possibly because polymer repulsion
was low and polymer attraction and DLVO-AB forces
dominated the overall interaction.

Introduction
Bacterial adhesion to solids as a crucial step in the initiation
of biofilms has evoked the interest of biologists, physical
chemists, material scientists, and civil engineers. Biofilms
are the principle habitats of bacteria in nature as well as in
the anthroposphere and harbor the majority of all microbial
activities. Adhesion to solids also controls the mobility of
bacteria in the subsurface and, thus, affects the bacteriological
safety of drinking water resources. It is believed that adhesion
of bacteria to solids is governed by long-ranging interactions
and by immediate interactions between bacterial surface
polymers and solid surfaces. The long-ranging electrostatic
and van der Waals forces have been combined in the DLVO
model of colloid stability (1). Later, this model has been
extended by acid-base (hydrophobic) interactions, which
account for the long-ranging effects of electron acceptor and
donor groups on the surface on the structure of the adjacent
water (2). This extended DLVO (DLVO-AB) model describes

the interactions of smooth particles with solid surfaces above
separation distances of 2 nm. According to this concept,
cells adhere as they approach a surface close enough to be
attracted and to be pulled into a sufficiently deep energy
minimum. However, the DLVO-AB model often failed to
describe bacterial adhesion. The most probable cause is the
presence of bacterial surface polymers, which interfere with
the DLVO-AB interactions. It has been postulated that
polymers hinder the cells to reach the energy minimum,
since the approach to the surface requires their compression
(3, 4). Promotion of adhesion (5) may be explained by
polymer adsorption to surfaces. Polymers that are long
enough to bridge the distance between cells and the surface
may cause adhesion even when the cells do not experience
DLVO-AB attraction. Such polymer-mediated adhesion may
be irreversible (1, 4-7). The assumption that polymer
repulsion arises from the (physical) volume reduction of the
cell envelope, whereas polymer attraction results from
(chemical) adsorption of the polymers, implies that both
polymer interactions may be almost independent of each
other. Here we attempt (i) to quantify polymer interactions
from the deviation of bacterial adhesion from DLVO-AB-
based expectations and (ii) to calculate independently
polymer attraction and repulsion between Gram-negative
bacteria and glass. Results presented indicate that bacterial
adhesion may be dominated by polymer interactions, which
in the case of the lipopolysaccharides (LPS) of Gram-negative
bacteria may protrude 30 nm or more from the outer cell
membranes into the medium (8-11).

Theory
Bacterial Characteristics. Data on the bacterial strains
Stenotrophomonas maltophilia DSM 50170 (12), Stenotro-
phomonas maltophilia 70401 (13), Citrobacter freundii PCM
1487 (14), Escherichia coli 08 DSM 46243 (15), Escherichia
coli 07 DSM 46242 (16), and Pseudomonas syringae pv.
morsprunorum C28 (17) were used. Relevant properties
taken from published material (18-20) and additional data
of S. maltophilia 70401 are summarized in Table 1. It has
been shown that only 0.5% of the LPS of S. maltophilia 50170
had a long O antigen chain (ca. 30 nm), whereas the chains
of the other LPS were short (ca. 1 nm) (18). The O antigens
of each of the other bacteria were uniform in length. The
strains can be divided into three groups according to their
adhesion efficiency R0 (21, 22), i.e., the fraction of cells
adhering upon contacting a surface (Table 2). S. maltophilia
50170 had a high R0 (group 1), C. freundii and S. maltophilia
70401 had an intermediate R0 (group 2), and P. syringae and
both E. coli strains did not adhere to glass (R0 ≈ 0; group 3).
The LPS aggregated in water to micelles; those of S.
maltophilia 50170 aggregated to vesicles (18). LPS adsorption
on SiO2 particles was characterized by the affinity (A), which
is the product of the maximal surface coverage Γmax and the
equilibrium adsorption constant Kads (18) (Table 2). Table
2 also gives the reversibility of bacterial adhesion and LPS
adsorption upon drastic reduction of I. Adhesion of S.
maltophilia strains and the LPS of group 2 could not be
reverted. Adhesion by DLVO-AB interactions only should
have been reverted since reduction of I diminishes DLVO-
AB attraction. Therefore, irreversibility was indicative of
polymer adsorption, which is less affected by changes of I.
The adsorption of O antigens on SiO2 could not be quantified
in batch experiments but was detected by infrared spec-
troscopy (19). This showed that the adsorbed concentrations
were only slightly below the detection limits of batch
adsorption experiments given in Table 2.
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Approach. We attempted to calculate attractive and
repulsive polymer contributions to bacterial adhesion as
functions of the separation distance h to allow their additive
combination with DLVO-AB interactions. Toward this end,
we assumed that the Gibbs free enthalpy of bacterial adhesion
Gtot(h) is the sum of the DLVO-AB interaction enthalpy
GDLVO-AB(h) and of the repulsive Grep(h) and attractive Gatt(h)
polymer interaction enthalpies:

It was furthermore assumed that the polymer interactions
reach out from the same shell of the cell envelope as the
DLVO-AB interactions. On the basis of these assumptions,
polymer interactions can be inferred from the deviation of
adhesion and adsorption data from DLVO-AB-based pre-
dictions. These experimentally inferred polymer interaction
enthalpies were compared with independently calculated
polymer interaction enthalpies.

Location of the Reference Shell for Distance-Dependent
Interactions. DLVO-AB interactions were calculated ac-
cording to Rutter and Vincent (1) and van Oss (2). Polymers
can only interfere with DLVO-AB interactions when they
project from the reference shell used for DLVO-AB calcula-
tions. This is because DLVO-AB interactions do not allow
for contact between hydrophilic bacteria and SiO2, but
polymer adsorption and polymer compression require close
contact between polymers and the surface. Hence, the
DLVO-AB-relevant cell surface is located inside the outer-
most parts of the cell. We assumed that this reference shell
is located at the basis of the O antigens and that the thickness
of the polymer interaction layer is equal to the length of the
O antigens lOanti (Table 1). The radius ap - lOanti was used for
the DLVO-AB calculations.

Inference of Polymer Interactions from the Deviation
of Adhesion/Adsorption Data from DLVO-AB Calculations.
We inferred the depths of the energy minima Gexp

sm from
adsorption and adhesion experiments and compared them
with the depths of calculated DLVO-AB energy curves

GDLVO-AB
sm (23). The contribution of polymer interactions Gpi

sm

was then

For bacteria, Gexp
sm is proportional to R0 (23). To calibrate the

proportionality, we assumed that polymer repulsion was
absent for the O antigen deficient S. maltophilia 50170 as
discussed in ref 18, i.e., Gexp

sm ) GDLVO-AB
sm . For LPS micelles,

Gexp
sm was inferred from Kads as Gexp

sm ) -ln(Kads) (24, 25).
Calculation of Polymer Attraction. We had shown earlier

that hydroxyl groups of O antigens of Gram-negative bacteria
formed hydrogen bonds with surface hydroxyl groups of SiO2

and surface-bound water (19). Formation of hydrogen bonds
released on average an adsorption enthalpy Gads

0 of -9 kT per
O antigen molecule, regardless of the type of O antigen (19).
The attractive enthalpy Gatt(h) is the product of Gads

0 and the
number of adsorbed O antigens at h < lOanti:

with

where NA is Avogadro’s number and MW is the molecular
weight of the O antigens. Γmax can be taken as the amount
of adsorbed O antigens, since bacterial adhesion exposes
the solid surface to saturating O antigen concentrations. F(h)
is the area of the flattened region that arises from the
deformation of the polymer layer upon close contact with
the solid surface.

Calculation of Polymer Repulsion. Polymer repulsion
at h < lOanti reflects entropic (elastic) and enthalpic (osmotic)
energies:

TABLE 1. Characteristics of Bacteria, LPS Micelles, and O Antigens

cells LPS micelles O antigens

strain ú potentiala (mV) contact angle (deg) ap (µm) ú potentiala (mV) ap (nm) MW (Da) lOanti
b (nm)

S. maltophilia 50170 -8.2 ( 1.1c,d 34 ( 3d 0.53d -9.8 ( 1.7d 171 ( 90d 20 000d 30
S. maltophilia 70401 -2.0 ( 0.8e 19 ( 2e 0.56e -9.3 ( 1.5 46 ( 21 38 500f 41
C. freundii -30.0 ( 2.7d 27 ( 3d 0.46d -11.0 ( 2.6d 50 ( 22d 19 600d 31
E. coli 08 -25.6 ( 1.0d 36 ( 2d 0.31d -23.6 ( 1.2d 46 ( 20d 12 600d 22
E. coli 07 -44.8 ( 1.3d 29 ( 2d 0.52d -7.4 ( 1.3d 29 ( 7d 21 600d 24
P. syringae -5.0 ( 0.2d 21 ( 1d 0.50d -7.7 ( 1.8d 32 ( 8d 24 000d 27

a ú potentials in 0.1 M KCl (20). b Inferred from MW, repeating unit structure, and ap of the micelles (18). c Standard deviation. d Values taken
from ref 18. e Values taken from ref 20. f Values taken from ref 19.

TABLE 2. Adhesion of Bacteria on Glass and Adsorption of LPS and O Antigens on SiO2

cells

adhesion efficiency, r0 LPS O antigens

strain 0.1 M 0.01 M 0.001 M
reversibilitya

(%) at 0.1 M
A

(mL mg-1)
Kads

(mL mg-1)
reversibilitya

(%)
Γmax

(mg m-2)
Gads

0

(kT/PS) group

S. maltophilia 50170 0.55b 0.65b 0.51b 14b 4.8b 1.2b 91.5 ( 11.1b nd nd 1
S. maltophilia 70401 0.16c 0.26c 0.48c 18 33.0 15.9 57.3 ( 7.0 <0.055d <-10.6 2
C. freundii 0.09b 0.02b 0.01b 74b 20.3b 3.5b 27.6 ( 4.6b <0.037d <-9.7 2
E. coli 08 0.007b <0.005b <0.005b nde 8.3b 5.9b 98.8 ( 12.8b <0.035d <-9.4 3
E. coli 07 0.02b <0.005b <0.005b nd 4.9b 1.2b 78.8 ( 6.9b nd nd 3
P. syringae 0.02b <0.005b <0.005b nd 3.3b 2.0b 83.9 ( 4.9b nd nd 3

a Reversibility upon lowering the ionic strength from 0.1 M to deionized water. b Values taken from ref 18 (LPS). c Values taken from ref 20.
d Values taken from ref 19. e nd means not determined.

Gtot(h) ) GDLVO-AB(h) + Grep(h) + Gatt(h) (1)

Gpi
sm ) Gexp

sm - GDLVO-AB
sm (2)

Gatt(h) ) Gads
0 Γmax

NA

MW
F(h) (3)

F(h) ) π(ap
2 - [ap - lOanti + h]2) (4)

Grep ) Hrep - TSrep (5)
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where Hrep is the change in enthalpy and Srep is the change
in entropy (26). Srep, which arises from bending of polymers
upon compression, was negligible for our system. Hrep

represents the resistance of the polymer layer against water
extrusion upon compression as was observed for the
interaction of humic acid-covered latex particles with quartz
(27). According to Amirbahman et al. and Penrod et al. (26,
28), it is given by

where Φ is the volume fraction of O antigens in the polymer
interaction layer, Vl is the molar volume of water, and ø is
the Flory-Huggins solvency parameter, which accounts for
the affinity of the O antigens for water. In aqueous solutions,
ø is generally in the range of 0.45-0.5 (29). For the O antigens,
we took a value of 0.47 on the basis of data for several
polysaccharides (30). The authors are aware of the fact that
the choice of one value of ø does neglect the heterogeneity
of the lipopolysaccharide chains. Φ is given by

where F is the polymer density in solution, which we
calculated from the volume of water-dissolved dextran (F )
1.5 g cm-3) (31). mOanti is the mass of O antigens, and Vpil is
the volume of the polymer interaction layer with a thickness
lOanti. mOanti was calculated from the molecular weight (MW)
of the O antigens and the number of O antigens (NLPS) per
square meter of the reference shell. NLPS of E. coli of 5.8 ×
1017 m-2 (32) corresponds to the theoretical packing density
of a simulated LPS structure (33). The area fraction of the
reference shell that is occupied by long-chain O antigens
fOanti is reduced by the contents of protein and short-chain
LPS. Therefore,

where S is the surface area of the reference shell:

The volume of the polymer interaction layer Vpil is

LPS preparations contained negligible impurities of protein,
i.e., fOanti ≈ 1. For S. maltophilia 50170, fOanti ) 0.005.

Results
DLVO-AB Curves. DLVO-AB energy curves were calculated
for bacteria and glass beads (Figure 1) and for the corre-
sponding LPS and SiO2 powder (Figure 2). For bacteria and
glass in 0.1 M KCl, GDLVO-AB

sm ranged from -11 to -22 kT at
5-6 nm from the surface. This would result in inactivated
(R0 ≈ 1) but reversible (upon reduction of I) adhesion. LPS
were less attracted with GDLVO-AB

sm between -0.5 and -1.0 kT
at 6 nm from the surface, except for S. maltophilia 50170,
where GDLVO-AB

sm was -2.9 kT. The reach of the attraction was
10 nm. This would result in reversible low affinity adsorption.

Inference of Polymer Interactions from the Deviation
of Adhesion/Adsorption Data from DLVO-AB Calculations.
Weak adhesion of group 2 bacteria indicated Gexp

sm between
-6.1 and -3.4 kT (Table 3). This is in agreement with a
postulated minimum around -5 kT needed for adhesion (1,

7, 34). For all group 3 bacteria, Gexp
sm was shallower than -1

kT and, thus, insufficient to withstand the Brownian kinetic
energy of bacteria of +1.5 kT (35). Deviations from GDLVO-AB

sm

indicated repulsive Gp
sm between +11 and +19 kT for groups

2 and 3 bacteria. The efficient adsorption of LPS of groups
2 and 3 with Gexp

sm between -15.3 and -17.4 kT resulted in
attractive Gpi

sm between -14.3 and -16.5 kT.
Calculation of Total Interaction Energy Profiles. Poly-

mer interactions of S. maltophilia 50170 were calculated for
fOanti ) 0.005, corresponding to Φ ) 0.002. For each of the
other bacteria we used estimates of fOanti of 0.3, 0.72, and
0.90, resulting in Φ values of 0.15, 0.30, and 0.35, respectively.
Γmax was varied within 1 order of magnitude below the
detection limits of adsorption experiments given in Table 2.
Figures 3-5 show the total interaction energy profiles
including DLVO-AB and polymer interactions for S. mal-
tophilia 50170, C. freundii, and E. coli 08, which are
representative for the three groups of bacteria.

For S. maltophilia 50170, total energy calculations were
in agreement with its efficient irreversible adhesion (Figure
3). Polymer repulsion was small, and polymer and DLVO-
AB attraction added to a Gtot

sm e -80 kT even at the lowest
value of Γmax. For the clarity, the individual Gatt curves that

Hrep(h) )
2πΦ2NA(ap - lOanti)

Vh l
(1/2 - ø)(lOanti - h)2 kT (6)

Φ )
mOanti

VpilF
(7)

mOanti ) S
NLPSfOantiMW

NA
(8)

S ) 4π(ap - lOanti)
2 (9)

Vpil ) 4
3

π(ap
3 - (ap - lOanti)

3) (10)

FIGURE 1. DLVO-AB interaction curves for bacteria and glass at
I ) 0.1 M.

FIGURE 2. DLVO-AB interaction curves for LPS micelles and SiO2

at I ) 0.1 M.
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result from the variation of Γmax are not shown. The strong
polymer attraction was in agreement with the irreversibility
of the adhesion observed with whole cells.

Energy calculations for C. freundii corresponded to its
weak reversible adhesion (Figure 4A). Strong polymer
repulsion caused a drastically outward-shifted energy mini-
mum at ca. 30 nm from the surface. Individual Grep curves
for different fOanti are not shown. Assuming fOanti ) 0.72 (Figure
4A, curve b), as reported for Salmonella typhimurium (36),
and Γmax equal to the detection limit of batch sorption
experiments, polymer repulsion hindered the cells to ap-
proach the glass further than h ≈ lOanti. Gtot

sm at this
separation distance matched the experimental value of -3.4
kT (Table 3) and was almost exclusively determined by the
DLVO-AB attraction. This is in agreement with the detach-
ment of C. freundii when the DLVO-AB attraction was
diminished by reducing I. Higher values for fOanti (0.9 in curve
a) had little additional effect on the repulsion. For polymer
attraction to become dominant, unrealistically low value of
fOanti (0.3 in curve c) for this strain would be needed. Γmax

was varied over 2 orders of magnitude (Figure 4B). Curves
b and c show that polymer repulsion dominated over the
range of likely values for Γmax. Much stronger adsorption
has been observed with O antigens and either Al2O3 or TiO2

(19). To illustrate the effect of strong adsorption, we
calculated the energy for Γmax as was measured with Al2O3.
In this case, polymer attraction became dominant (curve a).

Energy calculations for group 3 bacteria (Figure 5) were
similar to those for group 2 and did not correspond with the
absence of adhesion. Gtot

sm of ca. -5 kT was considerably
deeper than the experimental observation of -0.3 kT and
would have allowed for reversible adhesion. Total energy
calculations for LPS micelles and vesicles corresponded to
the observed LPS adsorption. Φ of the LPS micelles and
vesicles of groups 2 and 3 ranged between 0.019 and 0.097,

while Φ for the LPS of the group 1 bacterium was 0.0017. As
an example, results for C. freundii LPS are shown (Figure 6).
Since DLVO-AB interactions were low, polymer interactions
fully dominated LPS adsorption. The loose packing of the
outer part of the polysaccharide layer, caused by the sharp
curvature of LPS micelles, resulted in weak polymer repulsion
and facilitated close contact of polysaccharides with the solid.
It may, at higher values of Γmax, have resulted in the observed
strong irreversible polymer attraction.

Discussion
We proposed a method to calculate polymer interactions
between bacteria and solid surfaces in a distance-dependent
manner and combined them in an additive manner with the
DLVO-AB model. Calculations assume that polymer repul-

TABLE 3. Strength of Polymer Interactions

bacteria LPS

GDLVO-AB
sm (kT) Gexp

sm (kT) Gpi
sma (kT) GDLVO-AB

sm (kT) Gexp
sm (kT) Gpi

sm (kT)a

S. maltophilia 50170 -20.8 -20.8 0 -2.9 -9.3 -6.4
S. maltophilia 70401 -23.2 -6.1 +17.1 -0.9 -17.4 -16.5
C. freundii -16.4 -3.4 +13.0 -1.0 -15.3 -14.3
E. coli 08 -11.2 -0.3 +10.9 -0.9 -16.4 -15.5
E. coli 07 -18.3 -0.8 +17.5 -0.5 -15.3 -14.8
P. syringae -19.7 -0.8 +18.9 -0.6 -15.5 -15.0

a Gpi
sm ) Gexp

sm - GDLVO-AB
sm .

FIGURE 3. Total interaction energy curves for S. maltophilia 50170
and glass at I ) 0.1 M. Γmax was 0.035 (a), 0.010 (b), and 0.003 mg
m-2 (c).

FIGURE 4. Total interaction energy curves for C. freundii and glass
at I ) 0.1 M. In panel A, fOanti was 0.90 (a), 0.72 (b), and 0.3 (c) with
Γmax ) 0.037 mg m-2. In panel B, Γmax was 0.30 (a), 0.037 (b), and
0.003 mg m-2 (c) with fOanti ) 0.72.
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sion arises when cell envelopes are compressed, whereas
polymer attraction reflects adsorption of polymers to the
solid surface. The calculation of polymer interactions is
limited by their sensitivity to poorly accessible physical and
chemical properties of bacterial envelopes. Moreover, our
model relies on the hardly verifiable (and hardly refutable)
assumption of a common reference shell from which all
interactions arise. At the present, the reference shells of the

individual forces cannot be defined, and we renounced to
use them as additional fitting parameters. Obviously, any
observation could be matched in a fitting routine involving
five individual forces with different decay functions. Good
agreement with experimental observations, nevertheless,
indicates that the assumptions of polymer compression and
adsorption are fulfilled and that our approach may help to
overcome shortcomings of the DLVO-AB concept, e.g., its
negligence of the frequently observed irreversibility of
bacterial adhesion.

Polymer Repulsion. The assumption was tested that
denser packing of O antigens in the cell envelope results in
higher resistance against compression and in lower adhesion
(Figures 4A and 5A). The integrity of the outer membrane
relies on a relatively fixed packing density of LPS in the lipid
bilayer. Therefore, the packing density of the outward-
directed polysaccharide layer depends on (i) the area fraction
of the lipid bilayer that is occupied by LPS rather than by
outer membrane proteins, (ii) on the uniformity in length of
the O antigens, and (iii) on the curvature of the lipid bilayer.
The curvature simply reflects the cell radius, whereas
uncertainty about LPS uniformity and outer membrane
protein contents is the main impediment of a straightforward
calculation of polymer repulsion. It seems that, for example,
the presence of a small fraction of slightly longer O antigens
could shift the overall polymer interaction from repulsive to
attractive. Our calculations show that the low adhesion of
group 2 bacteria (Figure 4A) may result from uniform LPS in
combination with outer membrane protein contents such
as reported for S. typhimurium (36). The accessible depth
of the DLVO-AB interactions above the critical separation
distance at which further approach is prevented may
determine the adhesion efficiency of these bacteria. Group
3 bacteria did not adhere on glass, indicating that Gexp

sm was
below -1 kT (Table 3). The reason for this discrepancy with
a calculated energy minimum at h ≈ lOanti of -5.0 kT remains
unclear. The calculated minimum is determined by DLVO-
AB and by polymer interactions. Therefore, inadequate
parameters used for DLVO-AB calculations and/or an
underestimation of fOanti and/or an overestimation of Γmax

could be responsible for the discrepancy. The packing
density of O antigens in the cell envelope of S. maltophilia
50170 is small and probably results in much better com-
pressibility. These bacteria may approach the solid up to
the secondary minimum of the DLVO-AB interactions
(Figure 3) as is supported by the high adhesion efficiency of
this strain. Reduced polymer repulsion of LPS micelles
(Figure 6) results from the strong curvature of the lipid bilayer,
causing loose packing of the tips of the O antigens. The
better adhesion of LPS micelles as compared to the corre-
sponding bacteria indicates the actual influence of fOanti.

Polymer Attraction. Polymer attraction was assumed to
depend on Γmax (Figures 3, 4B, and 5B). This is because nearby
bacteria or micelles cause very high polysaccharide con-
centrations near the solid. Even the few O antigens of S.
maltophilia 50170 were assumed sufficient for surface
saturation. The maximum coverage of SiO2 was generally
low (Table 2), as was the overall effect of polymer attraction
for five out of six bacteria. At realistic Γmax values, only 1-10%
of the O antigens in contact with the surface are actually
adsorbed. These are reasonable percentages since adsorp-
tion of more O antigens by hydrogen bonding would cause
irreversible adhesion. The reversible adhesion of C. freundii
and other bacteria (3) upon lowering I, however, indicates
that polymer attraction is lower than the sum of electrostatic
repulsion at low I and polymer repulsion. Other bacterial
surface polymers, e.g., hydrophobic proteins (Γmax ≈ 1 mg
m-2; Gads

0 ≈ -16 kT) sorb better to glass and may cause
dominant polymer attraction (37-39). Cell surface proteins
also affect the hydrophobicity of bacteria and result in

FIGURE 5. Total interaction energy curves for E. coli 08 and glass
at I ) 0.1 M. In panel A, fOanti was 0.90 (a), 0.72 (b), and 0.03 (c) with
Γmax ) 0.035 mg m-2. In panel B, Γmax was 0.3 (a), 0.035 (b), and 0.003
mg m-2 (c) with fOanti ) 0.72.

FIGURE 6. Total interaction energy curves for the LPS of C. freundii
and SiO2 at I ) 0.1 M. Γmax was 0.30 (a), 0.035 (b), and 0.003 mg m-2

(c).
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increased acid-base (hydrophobic) attraction (2). Accord-
ingly, Gram-positive bacteria with protein coatings adhered
efficiently (3). Irreversible adhesion of S. maltophilia 50170
(Table 2) shows that polymer attraction may overcome
electrostatic repulsion at low ionic strength.

Predictability of Bacterial Adhesion and Subsurface
Transport. We postulate that the interplay of polymer
compressibility and affinity for the solid determines whether
polymers favor or inhibit adhesion. In case of S. maltophilia
50170, DLVO-AB attraction and polymer adsorption over-
compensated weak polymer repulsion. For five of the six
bacteria, polymer repulsion appeared to exceed DLVO-AB
attraction and polysaccharide adsorption. This shows that
attractive DLVO-AB interaction forces do not necessarily
lead to bacterial adhesion. Since polymer interactions may
dominate the interaction of bacteria with solids, prediction
of bacterial mobility in the subsurface requires detailed
information about the cell surface architecture in addition
to the classical characterization of bacterial surface charge
and contact angles. At the present, it is uncertain, whether
bacteria can be characterized rigorously enough for a priori
prediction of adhesion. Results with group 3 bacteria indicate
that filtration of bacteria by materials such as SiO2 may be
negligible and may allow the long-distance transport of
bacteria. This may account for the observed displacement
of bacteria in fast-flowing groundwater of up to 920 m as
reviewed by Gerba (40). Similar transport distances can be
extrapolated from a recent study conducted at slow flow rate
in quartz sand, where the adhesion efficiency of a subpopu-
lation of Pseudomonas sp. B13 appeared to be close to zero
(41). In the present study, the enteric organisms E. coli 08
and E. coli 07 were among those organisms interacting least
with SiO2. These findings do not necessarily challenge
present standards for bacteriological drinking water safety.
However, the possible existence of nonfilterable organisms
should be considered.

Acknowledgments
We thank A. Amirbahman for his help with the calculation
of polymer repulsion and J. C. Westall for valuable comments
on the manuscript.

Glossary
A affinity (L m-2)

ap radius of bacteria or LPS micelles (m)

F(h) area of contact plane (m2)

fOanti area fraction of the reference shell occupied
by long O antigens

Gatt(h) attractive polymer interaction energy (kT)

GDLVO-AB(h) DLVO-AB interaction energy (kT)

Grep(h) repulsive polymer interaction energy (kT)

GDLVO-AB
sm depth of DLVO-AB secondary minimum (kT)

Gexp
sm experimentally observed depth of secondary

minimum (kT)

Gpi
sm polymer interaction energy at total energy

minimum (kT)

Gsm depth of total energy minimum (kT)

Gtot(h) total interaction energy (kT)

Gads
0 adsorption enthalpy (kT)

h separation distance (m)

Hrep repulsive enthalpy change (kT)

I ionic strength (M)

Kads adsorption equilibrium constant (L g-1)

k Boltzmann constant (J K-1)

lOanti length of O antigens (m)

MW molecular weight of O antigens (g mol-1)

mOanti O antigen mass in the polymer interaction
layer (g)

NA Avogadro’s number (mol-1)

NLPS number of LPS per square meter (m-2)

Smic surface area of the reference shell (m2)

Srep repulsive entropy change (kT)

T temperature (K)

Vh l molar volume of the solvent (m3 mol-1)

Vpil volume of the polymer interaction layer (m3)

R0 adhesion efficiency

Γmax maximal surface coverage with O antigens (g
m-2)

F polymer density (g m-3)

Φ polymer volume fraction

ø Flory-Huggins solvency parameter
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