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Prediction of bacterial deposition rates onto substrates in natural aquatic systems is quite challenging because of
the inherent complexity of such systems. In this study, we compare experimental deposition kinetics of nonmotile
bacteria (Pseudomonas aeruginosa) on an alginate-coated substrate in a radial stagnation point flow (RSPF) system
to predictions based on DLVO theory. The “softness” of the surface layer of the bacteria and alginate-coated substrate
was considered in the calculations of their electrokinetic surface properties, and the relevance of both the classical
zeta potential and the outer surface potential as surrogates for surface potential was investigated. Independent of the
used electrical potentials, we showed that significant discrepancies exist between theory and experiments. Analysis
of microscopic images in the RSPF system has demonstrated, for the first time, that irreversible deposition of particles
or cells entrapped in the secondary energy minimum can occur on the alginate layer, despite the hydrodynamic forces
resulting from the radial flow in the RSPF system. It is suggested that polymeric structures associated with the surface
of the particle/cell and the alginate-coated substrate are responsible for the transition between the secondary minimum
and primary energy well. This mode of deposition is likely to be important in the deposition of microorganisms in
complex aquatic systems.

1. Introduction

The ability to control bacterial transport and deposition is of
paramount importance in aquatic systems, including those in
environmental and biomedical settings and industrial processes.
Deposition of bacteria in engineered systems, such as membranes1

or catheters,2 results in the formation of biofilms, which
significantly reduce the efficiency of such systems. Because
standard mechanical cleaning procedures for the fouled system
are often damaging, prevention of the initial bacterial adhesion
remains the optimal control strategy. In contaminated ground-
waters, microbial transport is the primary mechanism for the
spread of pathogens3 and has been linked to widespread
contamination in drinking and recreational waters. A better
understanding and control of bacterial adhesion mechanisms could
allow for the reduction of pathogen contamination. However,
the control of microbial deposition is limited by the persisting
disagreement between theoretical predictions and experimental
measurements of deposition kinetics and the ubiquitous com-
plexity of aquatic systems, which is usually oversimplified in
experimental setups.

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
is commonly used to describe deposition kinetics of colloidal
particles.4,5However, the marked disagreement between predicted

total interaction energy profiles and experimental measurements
of adhesion forces6,7 makes predictions of deposition kinetics
difficult.8 Some of these discrepancies evidently result from the
inability of the DLVO theory to completely capture the ensemble
of possible colloidal interactions between the particles and the
substrate. Several modified versions of the theory, which include
additional colloidal forces, such as hydration, hydrophobic, and
Born forces, have been developed to improve model predictions.7,9

Despite improvement of these theories to describe deposition
trends of particles onto substrates, marked discrepancies between
theory and experiments still remain in reported studies.6,10,11

Several other factors, not currently accounted for in theoretical
models, have been shown to significantly affect particle deposi-
tion,12,13 such as localized favorable interactions between the
particle and substrate and particle deposition in secondary energy
minima. Both of these effects depend on the presence of
heterogeneities at the surface of the particles and substrate, which
are particularly important in natural aquatic systems.

The presence of localized surface heterogeneities on bacterial
cell surfaces is characteristic of all bacterial cells due to their
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highly dynamic response to environmental conditions. These
heterogeneities involve variations in surface charge and biological
function of the molecular appendages protruding from the outer
membrane of the bacteria,14-16 such as pili, flagella, lipopolysac-
charides, and membrane bound proteins. Interactions between
these cell surface appendages and substrates are responsible for
the well-described mechanism of cell deposition, involving initial
reversible deposition followed by either detachment or irreversible
attachment.9

The presence of dissolved organic matter, such as polysac-
charides, peptides, humic substances, and nucleic acid fragments
is common to all aquatic systems. These substances adsorb at
the solid-liquid interface and form a layer commonly known
as the conditioning film.17 Previous attempts to characterize the
impact of conditioning films, using saliva medium, blood plasma,
or seawater dissolved organic carbon as conditioning matter, led
to inhibition or enhancement of cell deposition.18-20 This
inconsistency with respect to the impact of the conditioning film
onbacterial depositionwasattributed tochanges inhydrophobicity
and roughness of the conditioned substrate. Relating the deposition
behavior to the relevant surface interactions has not been possible
due to the complexity of the conditioning film matrix used in
experimental setups. Complex films of adsorbed macromolecules
add surface heterogeneities to the substrate, which can be (i)
physical (i.e., enhanced roughness and viscoelasticity of the
film21), (ii) chemical (i.e., variability incharged functionalgroups),
or (iii) biological (i.e., ligands binding to a specific receptor site
at the cell surface22). We have recently shown that an adsorbed
alginate layer can be used as a model conditioning film.23 A
well-defined adsorbed layer of polysaccharides enhanced the
deposition of motile and nonmotile bacteria, likely by increasing
the structural and chemical surface heterogeneities at the substrate
surface.23

The aim of this paper is to model the initial deposition kinetics
of bacteria onto a conditioning film. Specifically, we compare
the initial deposition kinetics obtained from well-controlled
bacterial deposition experiments to theoretical predictions based
on DLVO theory. Experiments were conducted using a newly
designed radial stagnation point flow system that allows high-
resolution imaging of the deposition of cells by contrast phase
microscopy. A nonflagellated, nonpiliated mutant ofPseudomo-
nas aeruginosa, PAO1∆fliC ∆pilA, was used in order to reduce
the degree of cell surface complexity and therefore facilitate the
understanding and modeling of the role of the conditioning film.
We demonstrated that use of either the outer surface potential
or the zeta potential as surrogates for bacterial surface potential
yields similar predictions of cell deposition kinetics onto bare
or alginate-coated substrates. In all cases, theoretical predictions
substantially underestimated the measured bacterial deposition

kinetics. We discuss the main reasons for discrepancies between
theoretical predictions and experimental results by considering
the complex structure of the bacterial and substrate surfaces.

2. Materials and Methods

2.1. Model Bacterial Strain and Substrates.The nonmotileP.
aeruginosastrain, PAO1∆fliC ∆pilA, was used as a model bacterial
cell. We have shown in our previous work that this strain, mutated
by allelic exchange, is deficient in the biosynthesis of type IV pilus
protein and flagellin and subsequently lacks twitching and swimming
motilities.23 PAO1∆fliC ∆pilA was shown to be viable and to have
a constant cell size and shape over a wide range of ionic strengths.
The average major and minor axes of the rod-shaped cells are 2.42
( 0.48µm and 0.93( 0.05µm, respectively, which are equivalent
to a volumetric spherical diameter of 1.28µm.

The following protocol was applied to all liquid cell cultures used
in the characterization or deposition kinetics experiments. PAO1
∆fliC ∆pilA was incubated in LB at 37°C and harvested at mid-
exponential growth phase. The bacterial suspension was centrifuged
(Sorvall RC-26 Plus) for 15 min at 1000g. The cell pellet was washed
once with 100 mM KCl solution, recentrifuged under the same
conditions, and finally resuspended in KCl (100 mM). We used a
carboxylated modified latex (CML) particle (1.2µm in diameter)
as a model nonbiological particle (Invitrogen, CA).

Ultrapure quartz coverslips measuring 25 mm in diameter and 0.1
mm thick (Electron Microscopy Sciences, PA) were used in the
deposition experiments. Before use, the coverslips were cleaned in
a three-step process: (i) 2% Hellmanex II bath (overnight, 75°C)
(Hellma GmbH & Co. KG, Germany), (ii) Nochromix bath
(overnight, 25°C) (Godax Laboratories, Inc., MD), and (iii) baking
(1 to 3 h, 560°C). Coverslips were thoroughly rinsed with DI water
after steps (i) and (ii).

Favorable (nonrepulsive) deposition conditions between the
particles and the substrate were obtained by chemically modifying
the coverslip surface. Charge reversal was induced by adsorption
of a layer of poly-L-lysine (PLL) at the quartz surface. PLL
hydrobromide (Sigma, MO) has an average molecular weight of
110 kDa. The quartz coverslips were submerged in 0.1 g/L and 0.22
µm-filtered PLL/HEPES (pH 5.6) solution overnight at 4°C and
rinsed 4 times with 0.22µm-filtered DI water. The quartz coverslips
were dried for 3 h under vacuum at 37°C. Particle deposition
experiments under favorable conditions were performed over a wide
range of ionic strengths (1 to 100 mM) at ambient pH (pH 5.4-5.6).

Alginate conditioning films were formed by adsorption of alginate
(0.1 g/L, 10 mM KCl solution) for 15 min on PLL-coated quartz
under laminar flow conditions. We used commercial sodium alginate
(Sigma, MO) with an average molecular weight of 72.7 kDa. The
alginate films were rinsed for 15 min with the electrolyte solution
of interest prior to conducting the bacterial deposition experiment
in the radial stagnation point flow system.24

2.2. Calculation of Surface Potentials.Extensive characterization
of the electrokinetic properties of the bacterial cells and substrates
was presented in our previous work.23 Bare and alginate-coated
silica particles measuring 1.6µm in diameter (Bangs Laboratories,
Inc., IN) were used as surrogates for the clean and surface-modified
quartz slides.23 Measurements of the electrophoretic mobility
(ZetaPALS, Brookhaven Instruments Corp., NY) of CML particles
as a function of ionic strength were obtained according to procedures
previously described in de Kerchove and Elimelech.25 All electro-
phoretic mobilities were converted to zeta potentials (ú) using the
Smoluchowski equation. This equation is applicable because of the
relatively large size of the particles and the ionic strengths used.5

The outer surface potentials (OSP) of the bacterial cells, CML
particles, and substrates were calculated from the measured
electrophoretic mobilities using Ohshima’s theory for soft particles.26

In this theory, the ion-penetrable layer of polyelectrolytes at the
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surface of the particles is characterized by two parameters: the
fixed charge density,Ffix, and the electrophoretic softness, 1/λ.26

Details on the application of Ohshima’s theory to measured
electrophoretic mobilities of particles and bacterial cells can be found
in our previous work.25

2.3. Radial Stagnation Point Flow System.Bacterial deposition
rates were studied in a newly designed radial stagnation point flow
system (RSPF) that allows high-resolution imaging of the deposition
of cells by contrast phase microscopy. Details on the setup of the
RSPF system can be found in our recent work.23 Deposition was
recorded in a rectangular viewing area of 220µm×165µm (captured
in a 140µm radius circle) at regular intervals (10 to 20 s) for 10
min with a DP70 digital camera (Olympus).

The hydrodynamics of the RSPF system are well-defined27 and
were confirmed for the specific dimensions of our flow cell by
solving the stationary Navier-Stokes equation for laminar flow in
the vicinity of the stagnation point (FEMLAB, COMSOL). No slip
conditions were assumed on all internal walls of the RSPF cell. Our
RSPF system is characterized by an injection capillary radiusR of
1 mm and a distanceh between the capillary outlet and the collector
surface of 2 mm. During experiments, a constant flow of 4.93 mL/
min (average capillary velocity) 2.65 cm/s) was induced by a
syringe pump (KD Scientific Inc., New Hope, PA). The Reynolds
number at the outlet of the capillary is 28.4.5 All experiments were
carried out under the same hydrodynamic conditions and at 25°C
((1 °C).

2.4. Deposition Kinetics Protocol.Bacterial cell deposition was
studied as a function of ionic strength in monovalent (KCl) salt at
ambient pH (pH 5.4-5.6). Electrolyte solutions were prepared with
DI water and reagent grade salt (Fisher Scientific) and stored at
4 °C. For each cell culture, the cell concentration was determined
in a Buerker-Tuerk cytometer chamber (Marienfield Laboratory
Glassware, Germany). Prior to each experiment, concentrated cell
suspensions were diluted into the electrolyte solution of interest.

For each bacterial deposition experiment, the bacterial transfer
rate coefficient,kRSPF, was calculated as the ratio between the bacterial
deposition flux and the initial bacterial bulk concentration.14 The
bacterial deposition flux is the observed deposition rate of bacteria
normalized by the camera viewing area. Bacterial deposition kinetics
are represented as attachment (sticking) efficiency,R.28 The
attachment efficiency corresponds to the bacterial transfer rate
coefficient normalized by the bacterial transfer rate coefficient
measured under favorable (nonrepulsive) conditions (i.e., on PLL-
coated quartz). Reported values of attachment efficiency are averages
of data taken from 2-4 experiments conducted using discrete cell
cultures.

2.5. Prediction of Cell Deposition using DLVO Theory.We
have calculated the cell/particle deposition rate in the RSPF system
by numerically solving the convective-diffusion equation with
colloidal and hydrodynamic interactions fully incorporated.5 Briefly,
the starting point is the convective-diffusion equation:

whereC is the particle concentration,D is the particle diffusion
tensor,u is the particle velocity induced by the flow of the suspending
medium,T is the absolute temperature, andF is the external force
vector. The latter is the sum of the net gravity and buoyancyFG,
and colloidal,Fcol, forces:

The colloidal force is derived from the total interaction potential,
φT, as follows:

Considering the DLVO theory, the total interaction potential is the
sum of the electrostatic double layer and van der Waals interactions
taking place between the particles and the collector surface.
Electrostatic double layer interaction energies were calculated using
the constant surface potential expression of Hogg et al. for a sphere-
plate system.29 The surface potentials were replaced by either the
zeta potentials or the outer surface potentials of the particles and
substrates. The expression for retarded van der Waals interaction
proposed by Gregory30was used to calculate the attractive interaction
energy. To calculate the van der Waals interaction energies, we used
a Hamaker constant of 6.5× 10-21 J for the bacterial cell-water-
quartz system,14,31-33and of 1× 10-20J for the latex-water-quartz
system.34,35

The convective-diffusion equation (eq 1) is a second order, linear,
ordinary differential equation that can only be solved numerically.
Numerical integration of this equation is not trivial because of the
coupling between the bulk transport (macroscale) and the transport
through the thin boundary layer (microscale), where the rapidly
changing, strong surface interactions have to be taken into account.
This is especially the case when an energy barrier and secondary
minimum exist in the system. To solve this stiff differential equation,
we employed the method described by Weron´ski and Elimelech.36

After solving numerically for the concentration distribution of
particles in the region of the stagnation point flow, the particle
deposition fluxand thecorrespondingparticle transfer ratecoefficients
were calculated as described elsewhere.5

3. Results and Discussion

3.1. Flow Field in the Stagnation Point.The study of mass
(or particle) transfer in the RSPF system is facilitated by the
uniform hydrodynamic and diffusion boundary layers in the
vicinity of the stagnation point. The resulting one-dimensional
deposition at the collector surface depends on the transport of
particles in the boundary layer at the stagnation point flow region,
which is often characterized by the Peclet number. This parameter
represents the strength of the fluid flow (convection) relative to
Brownian motion (diffusion):27

Here,D0 is the diffusion coefficient of a particle of radiusap and
Rs is a flow intensity parameter characterizing the flow field.

The flow intensity parameter depends on the Reynolds number,
Re, and the geometry of the system, which is defined by the ratio
h/R, whereh is the distance between the capillary outlet and the
collector surface andR is the radius of the inlet capillary.27 A
dimensionless form of this parameter can be used to characterize
the flow field of the RSPF system27
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whereF andµ are the density and absolute viscosity of the fluid,
respectively.

In order to calculate the parameterRs
/ of our RSPF system,

we solved numerically the Navier-Stokes equation for laminar
flow in the vicinity of the stagnation point. At this point, the flow
field can be described in terms of the spatial coordinatesr and
z of the cylindrical coordinate system

whereVr andVz are the radial and axial velocity components of
the fluid. To verify the validity of our numerical solution, we
studied the dependence ofRs

/ as a function of the Reynolds
number and compared it to the solution published by Dabros and
van de Ven27 (Figure 1). We successfully reproduced the values
of Rs

/ that were obtained for two systems withh/Rof 1.0 and 1.7.
We then proceeded to predict the variation ofRs

/ for our RSPF
system (h/R ) 2.0) as a function of the Reynolds number and
calculated anRs

/ of 14.85 for the Reynolds number used in our
deposition experiments (Re) 28.4; Figure 1). This value of the
dimensionless flow intensity parameter is close to the value of
16.53 that was obtained using the following approximation, which
is appropriate to the geometry of our system:37

The above hydrodynamic characteristics of the RSPF system
hold for an area where the stagnation point flow conditions exist.
The radial extension of this region was defined by Dabros and
van de Ven27 as the distance where the wall vorticityωs changes
within 3 to 4% of its value atr ) 0. Such variations have been
shown to have only a small influence on the mass transfer
calculations.27Based on our numerical solution of the flow field,
we calculated the wall vorticity of our system and defined the
boundaries of the stagnation point region. For a Reynolds number

of 28.4, we calculated a 3% change in wall vorticity at a radius
r of 180µm, which is 30% larger than that of the circular viewing
area considered in our deposition experiments (r ) 140 µm).
This confirms that the geometry of our RSPF system and the
viewing area capture the deposition phenomena in the well-
defined stagnation point flow field.

3.2. Characterization of Surface Potentials.Electrophoretic
mobilities as a function of ionic strength for bacterial cells and
CML particles (Figure 2), as well as the bare and alginate-coated
substrates (Figure 3), were converted to zeta potentials using the
Smoluchowski equation and to outer surface potentials using
Ohshima’s equation for soft particles.26 The measured electro-
phoretic mobilities demonstrated the effect of ionic strength on
the screening of surface charge and compression of the electrical
double layer. However, complete screening of the surface charge
at high ionic strength was achieved only for the bare quartz
substrate where the surface potential vanishes (Figure 3A). The
significant residual electrophoretic mobility at high ionic strength
for CML particles (Figure 2A), bacterial cells (Figure 2B), and
alginate-coated silica particles (Figure 3B) is characteristic of
these “soft” surfaces having an ion-permeable polyelectrolyte
layer at the surface.26

The best fits by Ohshima’s equation were obtained for
electrophoretic mobility data collected at ionic strengths above
10-50 mM as previously suggested (Figure 2 and 3)38and allowed
for the calculation of the fixed charge density and electrophoretic
softness of the surface layer for each particle type (Table 1). A
significantly poorer fit of electrophoretic mobility data was

(37) Warszynski, P.AdV. Colloid Interface Sci.2000, 84 (1-3), 47-142.
(38) Sonohara, R.; Muramatsu, N.; Ohshima, H.; Kondo, T.Biophys. Chem.

1995, 55 (3), 273-277.

Figure 1. Verification of the dependence of the dimensionless flow
intensity parameter,Rs

/, on the Reynolds number. Our numerical
solutions of the flow intensity parameter forh/R of 1.0 and 1.7
(triangles) are compared to the numerical solutions of the flow
intensity parameter for similarh/R values obtained by Dabros and
van de Ven27(solid and dashed lines, respectively). The open circles
are the values of the flow intensity parameter corresponding to the
RSPF geometry used in this study (h/R ) 2.0).

Vr ) Rsrz (6)

Vz ) - Rsz
2 (7)

Rs
/(Re) ) 0.0734Re2 + 0.8

0.01735Re3/2 + 1
(8)

Figure 2. Experimental electrophoretic mobility of (A) CML
particles and (B) nonmotile PAO1∆fliC ∆pilA bacteria, and
corresponding electrical surface potentials, as a function of ionic
strength (KCl). Electrophoretic mobility data were (i) converted to
zeta potential using the Smoluchowski equation (symbols) and (ii)
fitted with Ohshima’s electrokinetic theory for “soft” particles (solid
line).26Ohshima’s outer surface potential was then calculated (dashed
line). Experiments were carried out at an ambient pH (5.5-5.7) and
a temperature of 25°C ((1 °C).
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observed at low ionic strength for bacteria and bare silica when
compared to CML and coated silica. Such deviation from
theoretical predictions of electrophoretic mobility can be attributed
to either the high degree of heterogeneity in the charge and
resistance to flow of the soft polymer layer for the bacteria38 or
to the absence of an ion-permeable layer at the surface of the
hard bare silica particles.39However, the subsequent conditioning
of the silica particle surface with alginate increased their
electrophoretic softness 29-fold and reduced the fixed charge
density by 7-fold (Table 1). These differences in softness and
charge density between bare and alginate-conditioned silica
particles reflect the successful formation of a “soft” polyelectrolyte
layer at their surface during conditioning.

For each particle type, the outer surface potential and zeta
potential were calculated and compared (Figures 2 and 3). For

hard spheres such as bare silica particles (Figure 3A), the outer
surface potential was equal to the zeta potential of the particles.
However, in the presence of an ion-permeable layer at the surface
of the particles, such as for bacteria, CML, and alginate-coated
silica, the outer surface potential was much smaller than the zeta
potential and tended to a zero value at high ionic strength (Figures
2 and 3B). The outer surface potential represents only the surface
charges that are exposed to the surrounding electrolyte solution
and can therefore be effectively shielded by counterions until
complete screening at high salt concentrations is achieved.26

3.3. DLVO Interaction Energy Predictions. In order to
explain the deposition kinetics of bacterial cells and CML particles
at the stagnation point, we resort to DLVO interaction energy
calculations. Repulsive electrostatic interactions were calculated
by using either zeta potentials or outer surface potentials as
surrogates for the surface potentials of the particles/cells and the
substrate. The retarded van der Waals contribution to the sphere-
plate interaction energy was determined using Hamaker constants
of 1 × 10-20 and 6.5× 10-21 J for the latex-water-quartz28,35

and bacteria-water-quartz systems,14,31-33 respectively.
Considering the outer surface potential as the surface potential

in the DLVO calculations suggests the use of different separation
distances for electrostatic and van der Waals interactions as
discussed in our previous work.25 We have previously shown
that accounting for a thickness of only a few nanometers for the
polyelectrolyte layer at the particle or substrate surface, as a
difference in separation distance between van der Waals and
electrostatic forces, can result in major differences in predictions
of total interaction energy. However, this distinction in separation
distances is not commonly made in other similar studies using
the outer surface potential to predict bacterial deposition.4,40-42

Because the thicknesses of the ion-permeable layers at the surface
of the particle and substrate are not exactly known, we used the
same separation distance for both interaction forces and defined
it as the distance between the surfaces of the inner core materials
of both the particle and the substrate.

Calculated DLVO interaction energy profiles are characterized
by three features that can help to explain the deposition
behavior: (i) the repulsive energy barrier, (ii) the depth of the
secondary energy minimum, and (iii) the distance of the secondary
minimum from the substrate. We calculated the dependence of
these three DLVO features on ionic strength for systems where
particles (cells) are interacting with either clean or alginate-
coated quartz surfaces.

3.3.1. Bare Quartz Substrate.The total interaction energy
profiles between particles (cells) and bare quartz (Table 2)
indicated that energy barriers were suppressed at an ionic strength
above 100 mM. This ionic strength defines the transition between
repulsive (unfavorable) and nonrepulsive (favorable) conditions
for deposition. Under unfavorable conditions (i.e., ionic strengths
ranging from 3 to 30 mM), substantial energy barriers were
predicted for CML particles and bacterial cells. At low ionic
strength (3 mM), a large difference between the energy barriers
calculated with either zeta or outer surface potentials was observed
and was attributed to the poor fitting of Ohshima’s theory to
electrophoretic mobility data. At that ionic strength, the theory
predicted an erroneously strong outer surface potential for the
particles, which resulted in an energy barrier much larger than
that calculated using zeta potentials. Total interaction energy

(39) Tschapek, M.; Santamar, R.; Natale, I.Electrochim. Acta.1969, 14 (9),
889-895.

(40) Abu-Lail, N. I.; Camesano, T. A.EnViron. Sci. Technol.2003, 37 (10),
2173-2183.

(41) Morisaki, H.; Nagai, S.; Ohshima, H.; Ikemoto, E.; Kogure, K.Microbiol.
(UK) 1999, 145, 2797-2802.

(42) Hayashi, H.; Tsuneda, S.; Hirata, A.; Sasaki, H.Colloid Surf. B:
Biointerfaces2001, 22 (2), 149-157.

Figure 3. Experimental electrophoretic mobility of (A) pure and
(B) alginate-coated quartz (represented by silica particles) and
corresponding electrical surface potentials as a function of ionic
strength (KCl). Electrophoretic mobility data were (i) converted to
zeta potentials using the Smoluchowski equation (symbols) and (ii)
fitted with Ohshima’s electrokinetic theory for “soft” particles (solid
line).26Ohshima’s outer surface potential was then calculated (dashed
line). Experiments were carried out at an ambient pH (5.5-5.7) and
a temperature of 25°C ((1 °C).

Table 1. Calculated Values of the Fixed Charge Density (Gfix)
and Electrophoretic Softness (1/λ) for the Bacterial Cells, CML

Particles, and Clean and Alginate-Coated Silica Particles
Obtained by Fitting Electrophoretic Mobility Data Using

Ohshima’s Theory for Soft Particles,26 Gfix, and the
Electrophoretic Softness, 1/λ

particle/cell type

fixed
charge density

(mM)

electrophoretic
softness

(nm)

PAO1∆fliC ∆pilA -95 0.85
CML particles -167 0.95
clean SiO2 -59 0.14
alginate-coated SiO2 -9 4.11
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predictions also indicated the presence of secondary energy
minima of statistically equivalent depths for CML particles and
bacterial cells (Table 2). The depth of these energy wells increased
with increasing ionic strength and reached a maximum value
ranging between-6.30 and-10.02 kT at 30 mM ionic strength.
As the depth of the energy wells increased, their distance from
the substrate decreased to a minimum value ranging between 7.6
and 9.7 nm at 30 mM ionic strength.

3.3.2. Alginate-Coated Substrate.Total interaction energy
profiles between particles (cells) and alginate coated substrates
(Table 3) predicted very different ranges of unfavorable condi-
tions, according to the potential used as the surface potential
surrogate. The ionic strengths at which the calculated energy
barriers vanish were above 100 and 10 mM when using, in
calculations, the zeta potential and the outer surface potential,
respectively.

Table 2. Energy Barrier, Secondary Minimum Depth, and Distance of the Secondary Energy Minimum from the Surface between
Clean (Bare) Quartz Substrate and Either (A) CML Particles or (B) PAO1 ∆fliC ∆pilA Cells as a Function of Ionic Strength (KCl)a

A - CML particles

zeta potential outer surface potential

ionic
strength
(mM)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

3 965.7 -0.37 58.3 1873.5 -0.35 60.1
10 334.9 -1.74 24.5 507.4 -1.77 24.3
30 63.9 -7.58 9.7 14.7 -10.02 7.6

100 NBb NBb NBb NBb NBb NBb

300 NBb NBb NBb NBb NBb NBb

B - PAO1∆fliC ∆pilA cells

zeta potential outer surface potential

ionic
strength
(mM)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

3 574.5 -0.29 53.9 1784.4 -0.23 61.7
10 217.3 -1.39 22.3 560.7 -1.12 25.8
30 27.5 -6.30 8.3 15.4 -6.85 7.7

100 NBb NBb NBb NBb NBb NBb

300 NBb NBb NBb NBb NBb NBb

a Surface potentials of particles (cells) and collectors were replaced by either measured mean zeta potentials or calculated outer surface potentials.
Hamaker constants were 1× 10-20 and 6.5× 10-21 J for the latex-water-quartz28 and bacteria-water-quartz14,31-33 interacting media, respectively.
The equivalent spherical diameter and the density of both the particles and the cells were 1.2µm and 1.055 g/cm3, respectively. Other experimental
conditions employed were a capilary Reynolds number of 28.4, a particle (or cell) Peclet number of 0.22, an ambient pH (5.5-5.7), and a temperature
of 25 °C ((1 °C). b No barrier to deposition and hence no secondary minimum.

Table 3. Energy Barrier, Secondary Minimum Depth, and Distance of the Secondary Energy Minimum from the Surface between
Alginate-Coated Quartz Substrate and Either (A) CML Particles or (B) PAO1 ∆fliC ∆pilA Cells as a Function of Ionic Strength (KCl)a

A - CML particles

zeta potential outer surface potential

ionic
strength
(mM)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

3 1480.9 -0.36 60 152.3 -0.48 49.8
10 755.4 -1.56 26.3 4.5 -3.24 15.7
30 365.7 -5.94 11.7 NBb NBb NBb

100 48.4 -25.23 4.1 NBb NBb NBb

300 NBb NBb NBb NBb NBb NBb

B - PAO1∆fliC ∆pilA cells

zeta potential outer surface potential

ionic
strength
(mM)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

energy
barrier
(kT)

secondary
minimum
depth (kT)

distance of
secondary energy
minimum (nm)

3 734.90 -0.28 55.7 164.5 -0.32 51.5
10 405.90 -1.23 24.2 11.7 -1.93 17.7
30 163.60 -4.76 10.5 NBb NBb NBb

100 7.80 -18.26 3.9 NBb NBb NBb

300 NBb NBb NBb NBb NBb NBb

a Surface potentials of particles (cells) and collectors were replaced by either measured mean zeta potentials or calculated outer surface potentials.
Hamaker constants were 1× 10-20 and 6.5× 10-21 J for the latex-water-quartz28 and bacteria-water-quartz14,31-33 interacting media, respectively.
The equivalent spherical diameter and the density for both the particles and the cells were 1.2µm and 1.055 g/cm3, respectively. Other experimental
conditions employed were a capillary Reynolds number of 28.4, a particle (cell) Peclet number of 0.22, an ambient pH (5.5- 5.7), and a temperature
of 25 °C ((1 °C). b No barrier to deposition and hence no secondary minimum.
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Unfavorable conditions for particle (cell) deposition obtained
when using zeta potentials were characterized by deep secondary
minima that reached values of-25.23 and-18.26 kT for CML
particles and bacterial cells, respectively, at an ionic strength of
100 mM. Correspondingly, the distances of the secondary
minimum from the substrate reached values of 4.1 and 3.9 nm
for CML particles and bacterial cells, respectively. These depths
and distances of the energy wells were significantly deeper and
shorter, respectively, than those calculated using lower ionic
strengths. In contrast, when the outer surface potentials were
used, secondary energy minima were practically nonexistent at
most ionic strengths, with a maximum depth and minimum
distance of-3.24 kT and 15.7 nm for CML particles, and-1.93
kT and 17.7 nm for bacterial cells.

3.4. Comparison of Experimental Deposition Kinetics to
DLVO Predictions. In order to determine the relevance of DLVO
energy profiles in predicting bacterial deposition, we compared
theoretical deposition kinetics based on DLVO calculations to
experimental attachment efficiencies measured in the RSPF
system. Predicted deposition kinetics were in marked contrast
to experimental results for both CML particles and bacteria
depositing onto either clean or coated quartz (Figure 4). The
major discrepancies between theory and experiments were found
in the slope of the attachment efficiency curves under unfavorable
conditions and in the value of the critical deposition concentration
(CDC).

In all situations, experimental and theoretical attachment
efficiencies increased with increasing ionic strength until the
CDC value was reached, after which attachment efficiency stayed
constant (Figure 4). However, the slopes of the theoretical
deposition curves were much larger than those of the observed
deposition kinetics curves, indicating significant underestimation
of the deposition kinetics of particles (and cells) on bare and

conditioned substrates. This discrepancy was common to all of
our theoretical curves, as found in other theoretical particle
deposition studies.5,28,43 The discrepancy between theory and
experiment appeared greater for bacterial cells than for CML
particles as evidenced by the much steeper slopes observed in
experiments with the CML particles, compared to those with
bacterial cells.

The magnitude of the CDC is the only characteristic of the
theoretical attachment efficiency curves that allows for the
assessment of the impact of use of either zeta or outer surface
potentials on deposition predictions. On clean quartz (Figure 4,
panels A and B), theoretical attachment efficiency curves for the
CML particles and bacteria predicted similar CDC values for
both electrical potentials, which averaged about 50 and 35 mM
when zeta potentials and outer surface potentials were used,
respectively. These theoretical predictions of the CDC were an
order of magnitude lower than those obtained experimentally for
both particle types. On alginate-coated quartz (Figure 4, panels
C and D), the CDC values predicted using outer surface potentials,
which were 1 order of magnitude smaller than those calculated
using zeta potentials, were equivalent to the CDCs of our
experimental attachment efficiency curves that ranged between
10 and 30 mM. These results suggest that on conditioned
substrates, the use of the outer surface potential allows for a
good prediction of the ionic conditions required for the deposition
of particles in a primary energy well, namely conditions favorable
for deposition.

3.5. Role of the Secondary Energy Minimum.The entrap-
ment of particles in secondary energy minima is theoretically
possible when the sum of the particle thermal energy and the
fluid drag force is small enough to maintain the particle in the
energy well.44 Substantial experimental evidence demonstrated
that secondary energy minimum entrapment is important in the
transport and deposition of particles in porous media.13,31It was
further shown that consideration of secondary minimum deposi-
tion significantly improves the agreement between theory and
experimental data of deposition in porous media.31,45,46However,
in RSPF systems, it was suggested that because of the unique
hydrodynamic flow conditions, particles trapped in the secondary
energy minimum are swept away from the stagnation point center
by the radial component of the flow parallel to the substrate.31

3.5.1. CML Particles. Direct microscopic observation of
deposition of CML particles trapped in the secondary minimum
onto an alginate-coated quartz substrate is shown in Figure 5.
This observation suggests that this deposition mode could be
responsible for a fraction of the observed deposited particles in
our RSPF system. The superposition of nine successive pictures
taken over a time of ca. 3 s allowed for the detection of slowly
moving particles that were located in the vicinity of the substrate
surface. In this image, moving particles appeared as paths of
nine aligned points, whereas stagnant particles adhering to the
substrate appeared as single darker points. We verified the
trajectory and distance of moving particles trapped in secondary
energy minima by fitting a linear line across the nine aligned
points. The convergence of these lines at the center of the picture
(circle, Figure 5A) determined the exact location of the stagnation
point flow. By capturing these images at specific time intervals
(15 s), we differentiated the particles trapped in secondary wells
from those which deposited irreversibly. Depositing particles

(43) Gregory, J.; Wishart, A. J.Colloids Surf.1980, 1 (3-4), 313-334.
(44) Hahn, M. W.; Abadzic, D.; O’Melia, C. R.EnViron. Sci. Technol.2004,

38 (22), 5915-5924.
(45) O’Melia, C. R.; Hahn, M. W.; Chen, C. T.Water Sci. Technol.1997, 36

(4), 119-126.
(46) Tufenkji, N.; Elimelech, M.Langmuir2005, 21 (3), 841-852.

Figure 4. Comparison of theoretical and experimental attachment
efficiency curves of CML particles and nonmotile PAO1∆fliC ∆pilA
bacteria on pure (A and B) and alginate-coated quartz (C and D),
respectively, as a function of ionic strength (KCl). The deposition
kinetics are expressed as the attachment efficiency,R. Surface
potentials of particles and collectors were replaced by either calculated
outer surface potentials (OSP), or the measured mean zeta potentials
(ú). The capillary flow rate in the RSPF system was fixed at 4.93
mL/min (average velocity of 26.5 cm/s), resulting in a capillary
Reynolds number of 28.4 and a particle (cell) Peclet number of 0.22.
Other experimental conditions employed were an ambient pH (5.5-
5.7) and a temperature of 25°C ((1 °C). Error bars indicate one
standard deviation.

Adhesion of Nonmotile P. aeruginosa Langmuir, Vol. 23, No. 24, 200712307



were depicted by the appearance on two successive pictures of
a dark particle at the end of the trajectory of nine aligned points.
We showed that, among the particles trapped in a secondary
energy minimum and entrained by the radial flow (Figure 5A),
a significant portion of them irreversibly deposited (Figure 5B).
Direct evidence of this irreversible deposition from secondary
minimumentrapmentwasonly recordedduringparticledeposition
onto alginate films at ionic strengths between 30 and 300 mM.
The lack of observation of this phenomenon onto bare quartz
under similar or lower ionic strength conditions suggests that the
conditioning film is crucial for the irreversible attachment of
particles trapped in secondary minima.

This novel experimental evidence of particle deposition from
secondary minimum entrapment in RSPF systems points to the
importance of incorporating this deposition mode into interpreta-
tions and predictions of deposition kinetics. The irreversible
deposition of trapped particles is likely to be favored by surface
properties of the conditioning film such as enhanced roughness21

and local charge/chemical heterogeneities.47 Surface asperities
have been shown to cause significant reduction in the average
repulsive interaction energy between particle and substrate, the
extent of which depends on the size of the asperities and their
densities on the conditioned surface.48 Local charge heteroge-
neities can be formed due to the weak acidity of our system.
Alginate polysaccharides have a pKa between 3.5 and 4 and are
likely to be partially uncharged at ambient pH (pH 5.5-5.7).
These charge heterogeneities of the film that induce attractive
interactions with the particle could form localized reduction of
the total repulsive interaction energy. Consequently, particles
trapped in secondary minima wells could transit more easily
between the secondary energy well and the primary minimum.13

3.5.2. Bacterial Cells.Because of optical limitations of the
RSPF setup when imaging bacteria, we were unable to collect
clear images, as those shown in Figure 5, that could demonstrate
the irreversible deposition of bacteria that were trapped in the
secondary minimum. Nonetheless, the occurrence of this
phenomenon was also observed during the bacterial deposition
experiments (data not shown), indicating that this mode of
deposition is not exclusive to CML particles. Assuming that the
irreversible attachment is affected by the heterogeneities of the
polymeric structures on the surface, we can predict that the larger
heterogeneities of cell surface appendages (compared to CML
particles) favor the deposition of bacteria that are trapped in
secondary minima. Therefore, the deposition of bacterial cells
from secondary minimum entrapment could explain, in part, the
discrepancybetween theslopesofourexperimental and theoretical
deposition kinetics.

4. Conclusion
Deposition kinetics of bacteria onto an alginate conditioning

film were compared to DLVO predictions of cell deposition.
The marked discrepancies between experiments and theory were
discussed in terms of the presence of structural and physico-
chemical heterogeneities at the cell and substrate surfaces.
Microscopic analysis provided evidence for the irreversible
deposition of particles (and cells) that were trapped in the
secondary energy minimum. This mode of deposition is proposed
to be one of the main causes for the substantial underestimation
of deposition kinetics predicted by the DLVO theory.
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Figure 5. Transport and deposition of low velocity CML particles
onto alginate conditioning film at an ionic strength of 30 mM (KCl)
in the RSPF system. Deposition is detected by comparing two
successive pictures of the surface (A, at time) t1, and B, at time
) t1 + 15 s). By superposing nine successive pictures taken over
a total time of∼3 s, low velocity particles in the vicinity of the
substrate appear as a succession of 9 aligned points. Particles are
swept away by the radial flow from the center (circle) toward the
outside boundary of the stagnation point (dashed arrows). Among
the particles of low velocity, some particles can deposit (traced in
solid frames, with the newly adhering particle shown with solid
arrow) and others do not (traced in dashed frames). The capillary
flow rate in the RSPF system was fixed at 4.93 mL/min (average
velocity of 26.5 cm/s), resulting in a capillary Reynolds number of
28.4 and a particle Peclet number of 0.22. Other experimental
conditions employed were an ambient pH (5.5-5.7) and a temperature
of 25 °C ((1 °C).

12308 Langmuir, Vol. 23, No. 24, 2007 de KerchoVe et al.


