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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 aerugingsan 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 total interaction energy profiles and experimental measurements

of adhesion forcés’ makes predictions of deposition kinetics

d . h : - ._difficult.8 Some of these discrepancies evidently result from the
paramount importance in aquatic systems, including those in

environmental and biomedical settings and industrial processes.Inablllty of the DLVO theory to completely capture the ensemble

Deposition of bacteriain engineered systems, such as membranesgL E(S)tsr:'tzleSZ?/lL?::?#g'gﬁggﬂg?;obgvgﬁig Iﬂgoearevcrl]?:h?:g utgg
or catheterg, results in the formation of biofilms, which X Y,

significantly reduce the efficiency of such systems. Because additional colloidal forces, such as hydratlon, hydropho.blg, and
- . Born forces, have been developed to improve model predictibns.
standard mechanical cleaning procedures for the fouled syste

are often damaging, prevention of the initial bacterial adhesion tr:r?glstiflmaetri?:\l/:gi?; glfjtt)rs]frz(:etshi?arllriséc:%igirsecr:r?ciizpboestl\xggn
remains the optimal control strategy. In contaminated ground- P ' b

) ) L 101
waters, microbial transport is the primary mechanism for the theory and experiments still remain in reported TSIUE”@SI' .

; . Several other factors, not currently accounted for in theoretical
spread of pathogefsand has been linked to widespread models, have been shown to significantly affect particle deposi-
contamination in drinking and recreational waters. A better ) g y P P

1013 . . :
understanding and control of bacterial adhesion mechanisms coulc}'on’. such as localized fa\(orable Interactions between the
allow for the reduction of pathogen contamination. However particle and substrate and particle deposition in secondary energy

the control of microbial deposition is limited by the persisting minima. Bqt_h of these effects depen_d on the presence Qf
disagreement between theoretical predictions and experimentapeterog(.ane't'es _atthe S”ffa?ce ofthe part|cle_s and substrate, which
measurements of deposition kinetics and the ubiquitous com-2"¢ particularly |mporta_nt in natural aquatic sys.t_ems. .
plexity of aquatic systems, which is usually oversimplified in The presence of Iocallzed.surface heterqgeneltles on bacteflal
experimental setups. cell surfaces is characteristic of all bacterial cells due to their

The Derjaguin-Landau-Verwey—Overbeek (DLVO) theory _ . — _ —
is commonly used to describe deposition kinetics of colloidal __ () Elimelech, M.; Gregory, J.; Jia, X.; Williams, R. ARarticle Deposition
X 5 . . and Aggregation: Measurement, Modeling and Simulati®utterworth-
particlest®However, the marked disagreement between predicted jginemann: London, 1995.
(6) Abu-Lail, N. I.; Camesano, T. Biomacromolecule2003 4 (4), 1000~

The ability to control bacterial transport and deposition is of
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highly dynamic response to environmental conditions. These kinetics. We discuss the main reasons for discrepancies between

heterogeneities involve variations in surface charge and biologicaltheoretical predictions and experimental results by considering

function of the molecular appendages protruding from the outer the complex structure of the bacterial and substrate surfaces.

membrane of the bacteri&;16 such as pili, flagella, lipopolysac-

charides, and membrane bound proteins. Interactions between 2. Materials and Methods

these cell surface appendages and substrates are responsible for 2 1. Model Bacterial Strain and SubstratesThe nonmotileP.

the well-described mechanism of cell deposition, involving initial - aeruginosastrain, PAOIAfIC ApilA, was used as a model bacterial

reversible deposition followed by either detachment orirreversible cell. We have shown in our previous work that this strain, mutated

attachmen®. by allelic exchange, is deficient in the biosynthesis of type IV pilus
The presence of dissolved organic matter, such as polysac-Proteinand flagellin and subsequently lacks twitching and swimming

charides, peptides, humic substances, and nucleic acid fragment0tilities > PAOLA(IIC ApilA was shown to be viable and to have

is common to all aquatic systems. These substances adsorb a?t::onstant cell size and shape over a wide range of ionic strengths.

A e average major and minor axes of the rod-shaped cells are 2.42
the solid-liquid interface and form a layer commonly known

e . . . 4+ 0.48um and 0.93+ 0.05um, respectively, which are equivalent
as the conditioning filnt Previous attempts to characterize the 4 voﬁtumetric spherical ﬁliamet(fr of 1_%1_ q

impact of conditioning films, using saliva medium, blood plasma,  The following protocol was applied to all liquid cell cultures used
or seawater dissolved organic carbon as conditioning matter, ledin the characterization or deposition kinetics experiments. PAO1
to inhibition or enhancement of cell depositi&h2® This AfliC ApilA was incubated in LB at 37C and harvested at mid-
inconsistency with respect to the impact of the conditioning film exponential growth phase. The bacterial suspension was centrifuged
on bacterial deposition was attributed to changes in hydrophobicity (Sorvall RC-26 Plus) for 15 min at 1090The cell pellet was washed
and roughness of the conditioned substrate. Relating the depositiorPnce with 100 mM KCI solution, recentrifuged under the same
behavior to the relevant surface interactions has not been possiblgonditions, and finally resuspended in KCI (100 mM). We used a
due to the complexity of the conditioning film matrix used in carboxylated modified latex (CML) particle (1:n in diameter)

- . as a model nonbiological particle (Invitrogen, CA).
experimental setups. Complex films of adsorbed macromolecules

" : - Ultrapure quartz coverslips measuring 25 mm in diameterand 0.1
add surface heterogeneities to the substrate, which can be (i)y,m thick (Electron Microscopy Sciences, PA) were used in the

physical (i.e., enhanced roughness and viscoelasticity of the geposition experiments. Before use, the coverslips were cleaned in
film?2%), (ii) chemical (i.e., variability in charged functional groups),  a three-step process: (i) 2% Hellmanex Il bath (overnightGp

or (iii) biological (i.e., ligands binding to a specific receptor site  (Hellma GmbH & Co. KG, Germany), (i) Nochromix bath

at the cell surfac®). We have recently shown that an adsorbed (overnight, 25°C) (Godax Laboratories, Inc., MD), and (iii) baking
alginate layer can be used as a model conditioning FrA. (1to 3 h, 560°C). Coverslips were thoroughly rinsed with DI water
well-defined adsorbed layer of polysaccharides enhanced theafter steps (i) and (ii). 3 N

deposition of motile and nonmotile bacteria, likely by increasing ~ Favorable (nonrepulsive) deposition conditions between the

the structural and chemical surface heterogeneities at the substrafgaticles and the substrate were obtained by chemically modifying
surface?® the coverslip surface. Charge reversal was induced by adsorption

. . . L . L of a layer of polyt-lysine (PLL) at the quartz surface. PLL
The aim of this paper is to modgl thelnltlgl_deposmon kinetics hydrobromide (Sigma, MO) has an average molecular weight of
of bacteria onto a conditioning film. Specifically, we compare 110 kDa. The quartz coverslips were submerged in 0.1 g/L and 0.22
the initial deposition kinetics obtained from well-controlled ;m-filtered PLL/HEPES (pH 5.6) solution overnight af@ and
bacterial deposition experiments to theoretical predictions basedrinsed 4 times with 0.22m-filtered DI water. The quartz coverslips
on DLVO theory. Experiments were conducted using a newly were dried fo 3 h under vacuum at 37C. Particle deposition
designed radial stagnation point flow system that allows high- experimgnts under favorable conditions werelperformed overawide
resolution imaging of the deposition of cells by contrast phase "ange of ionic strengths (1 to 100 mM) at ambient pH (pH54).

microscopy. A nonflagellated, nonpiliated mutanfsfeudomo- Alginate conditioning films were formed by adsorption of alginate
nas aeruginosaPAO1AfIIC ApilA, was used in order to reduce (-1 9/L. 10 mM KCl solution) for 15 min on PLL-coated quartz

the dearee of cell surface complexity and therefore facilitate the under laminar flow conditions. We used commercial sodium alginate
9 P Y (Sigma, MO) with an average molecular weight of 72.7 kDa. The

understanding and modeling of the role of the conditioning film. - 54inate films were rinsed for 15 min with the electrolyte solution

We demonstrated that use of either the outer surface potentialsf interest prior to conducting the bacterial deposition experiment

or the zeta potential as surrogates for bacterial surface potentialin the radial stagnation point flow systeth.

yields similar predictions of cell deposition kinetics onto bare 2.2, Calculation of Surface PotentialsExtensive characterization

or alginate-coated substrates. In all cases, theoretical prediction®f the electrokinetic properties of the bacterial cells and substrates

substantially underestimated the measured bacterial depositiorwas presented in our previous wdfkBare and alginate-coated

silica particles measuring 1:6n in diameter (Bangs Laboratories,

(14) Walker, S. L.; Redman, J. A.; Elimelech, Mangmuir2004 20 (18), Inc., IN) were used as surrogates for the clean and surface-modified

7736-7746. quartz slideg® Measurements of the electrophoretic mobility
(15) Klausen, M.; Heydorn, A.; Ragas, P.; Lambertsen, L.; Aaes-Jorgensen, (ZetaPALS, Brookhaven Instruments Corp., NY) of CML particles

Al ('Xle?)"gh?';sT?l-kSrr;’r\]lci)eEenMiTyl\aﬂg' SMECL%briiO'I'(.figggi 4;5)?& %ﬁéf Bligiﬁém as afunction of ionic strength were obtained according to procedures

2006 70 (11), 2635-2640. previously described in de Kerchove and Elimel&cAll electro-
(17) Costerton, J. W.; Lewandowski, Z.; Caldwell, D. E.; Korber, D. R.; ~phoretic mobilities were converted to zeta potentiglsusing the
Lappinscott, H. MAnnu. Re. Microbiol. 1995 49, 711-745. Smoluchowski equation. This equation is applicable because of the

(18) Bakker, D. P.;Klijnstra, J. W.; Busscher, H. J.; van der Mei, HRiGfouling ; ; ; [P,
2003 19 (6), 391--397. relatively large size of the particles and the ionic strengths Bised.

(19) Jones, D. S.: McGovern, J. G.; Adair, C. G.; Woolfson, A. D.; Gorman, The outer surface potentials (OSP) of the bacterial cells, CML

S. P.J. Mater Sci.-Mater Med2001, 12 (5), 399-405. particles, and substrates were calculated from the measured
Lo ‘EZg)Oémton, C. J.; Sherriff, A.; Millar, M. RJ. Appl. Microbiol.1999 86 (2), electrophoretic mobilities using Ohshima’s theory for soft partiédes.

(21) Duffene, Y. F.; Marchal, T. G.; Rouxhet, P. Gangmuir1999 15 (8), In this theory, the ion-penetrable layer of polyelectrolytes at the
2871-2878.

(22) van Hoogmoed, C. G.; van der Kuijl-Booij, M.; van der Mei, H. C.; (24) de Kerchove, A. J.; Elimelech, Mlacromolecule2006 39(19), 6558-
Busscher, H. JAppl. Erviron. Microbiol. 200Q 66 (2), 659-663. 6564.

(23) de Kerchove, A. J.; Elimelech, M\ppl. Erviron. Microbiol. 2007, 73, (25) de Kerchove, A. J.; Elimelech, Mangmuir2005 21 (14), 6462-6472.

5227-5234. (26) Ohshima, HJ. Colloid Interface Sci1994 163 (2), 474-483.
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surface of the particles is characterized by two parameters: theConsidering the DLVO theory, the total interaction potential is the
fixed charge densitypsx, and the electrophoretic softness}.29 sum of the electrostatic double layer and van der Waals interactions
Details on the application of Ohshima’s theory to measured taking place between the particles and the collector surface.
electrophoretic mobilities of particles and bacterial cells can be found Electrostatic double layer interaction energies were calculated using
in our previous work? the constant surface potential expression of Hogg et al. for a sphere
2.3. Radial Stagnation Point Flow SystemBacterial deposition  plate systend? The surface potentials were replaced by either the
rates were studied in a newly designed radial stagnation point flow zeta potentials or the outer surface potentials of the particles and
system (RSPF) that allows high-resolution imaging of the deposition g hstrates. The expression for retarded van der Waals interaction
of cells by contrast phase microscopy. Details on the setup of the ,5,05ed by Grego#was used to calculate the attractive interaction

RSP'; sc)i/_stem c?n bel found in our recfent va?lrgpositiont Waj energy. To calculate the van der Waals interaction energies, we used
recorded in arectangular viewing area.of 2B0x 165um (Capture a Hamaker constant of 656 10721 J for the bacterial celtwater—

in a 140um radius circle) at regular intervals (10 to 20 s) for 10 43133 20
S e quartz systeri® and of 1x 1072°J for the latex-water—quartz
min with a DP70 digital camera (Olympus). Systemp43s

The hydrodynamics of the RSPF system are well-defihadd ) o . ) .
were confirmed for the specific dimensions of our flow cell by ~ Theconvective-diffusion equation (eq 1) is asecond order, linear,
solving the stationary NavierStokes equation for laminar flow in  ordinary differential equation that can only be solved numerically.
the vicinity of the stagnation point (FEMLAB, COMSOL). No slip  Numerical integration of this equation is not trivial because of the
conditions were assumed on all internal walls of the RSPF cell. Our coupling between the bulk transport (macroscale) and the transport
RSPF system is characterized by an injection capillary raios through the thin boundary layer (microscale), where the rapidly
1 mm and a distandebetween the capillary outlet and the collector changing, strong surface interactions have to be taken into account.
surface of 2 mm. During experiments, a constant flow of 4.93 mL/ This is especially the case when an energy barrier and secondary
min (average capillary velocity= 2.65 cm/s) was induced by a  minimum existin the system. To solve this stiff differential equation,
syringe pump (KD Scientific Inc., New Hope, PA). The Reynolds we employed the method described by Weskirand Elimelect3¢
number at the outlet of the capillary is 28.All experiments were  After solving numerically for the concentration distribution of
carried out under the same hydrodynamic conditions and 8€25  particles in the region of the stagnation point flow, the particle

(#1°©. . . deposition flux and the corresponding particle transfer rate coefficients
2.4. Deposition Kinetics ProtocolBacterial cell depositionwas  \yere calculated as described elsewtere.

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 concentrat_ion was determined 3.1. Flow Field in the Stagnation PointThe study of mass
in a Buerker-Tuerk cytometer chamber (Marienfield Laboratory . . . .
Glassware, Germany). Prior to each experiment, concentrated cell(or_ particle) transfer !n the R_SPF_syStem is facilitated _by the
suspensions were diluted into the electrolyte solution of interest. Uniform hydrodynamic and diffusion boundary layers in the
For each bacterial deposition experiment, the bacterial transfer vicinity of the stagnation point. The resulting one-dimensional
rate coefficientkzrspr Was calculated as the ratio between the bacterial deposition at the collector surface depends on the transport of
deposition flux and the initial bacterial bulk concentratiéhe particles in the boundary layer at the stagnation point flow region,
bacterial deposition flux is the observed deposition rate of bacteria \yhich is often characterized by the Peclet number. This parameter

normalized by the camera viewing area. Bacterial _dgposﬂ;on Kinetics o nresents the strength of the fluid flow (convection) relative to
are represented as attachment (sticking) efficienzy® The . . s o
Brownian motion (diffusion¥:

attachment efficiency corresponds to the bacterial transfer rate
coefficient normalized by the bacterial transfer rate coefficient

3. Results and Discussion

measured under favorable (nonrepulsive) conditions (i.e., on PLL- o ap3
. . S
coated quartz). Reported values of attachment efficiency are averages Pe= . (4)
of data taken from 24 experiments conducted using discrete cell 0
cultures.

2.5. Prediction of Cell Deposition using DLVO Theory.We Here,Dy is the diffusion coefficient of a particle of radiagand
have calculated the cell/particle deposition rate in the RSPF systemg, s 3 flow intensity parameter characterizing the flow field.

by numerically solving the convective-diffusion equation with . .

cglloidal and hg//drodynagimic interactions fully incorporgfemjeﬂy, The flowintensity parameter depends on the Reynolds number,
the starting point is the convective-diffusion equation: 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 an® is the radius of the inlet capilla’/. A
dimensionless form of this parameter can be used to characterize

the flow field of the RSPF systeth

V+(UC) = V+(D-VC) — v-(% ) 1)

whereC is the particle concentratiom is the particle diffusion

tensorp is the particle velocity induced by the flow of the suspending R
medium,T is the absolute temperature, aRds the external force of = o~ p ®)
vector. The latter is the sum of the net gravity and buoyafgy s Reu

and colloidal,F.o, forces:

E=F E 2 (29) Hogg, R.; Healy, T. W.; Fuersten, DWrans. Faraday Socl966 62
=Fg+ Feq @) (522P), 1638 1651.
(30) Gregory, JJ. Colloid Interface Sci1981 83 (1), 138-145.
The colloidal force is derived from the total interaction potential, ,g ((2)1) ffﬂﬂf;‘éé' A.;Walker, S. L.; Elimelech, Eiwiron. Sci. Technol004
¢, as follows: (32) Truesdail, S. E.; Lukasik, J.; Farrah, S. R.; Shah, D. O.; Dickinson, R.
B. J. Colloid Interface Sci1998 203 (2), 369-378.
F.=— Vo (3) (33) Simoni, S. F.; Bosma, T. N. P.; Harms, H.; Zehnder, A. JERiiron.
col T Sci. Technol200Q 34 (6), 101+1017.

(34) Elimelech, M.; O’'Melia, C. REnviron. Sci. Technol199Q 24 (10),

(27) Dabros, T.; van de ven, T. G. MNolloid Polym. Sci.1983 261 (8), 1528-1536.
694-707. (35) Elimelech, M.J. Colloid Interface Sci1994 164 (1), 190-199.

(28) Elimelech, M.Water Res1992 26 (1), 1-8. (36) Weraorski, P.; Elimelech, MJ. Colloid Interface Scisubmitted.
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Dabros and van de Ven solution:

25 WR=1.0 ---- WR=17
. o
20 = '/,/'6 =
L &_,'
. 15 /o .
3 I h x',
101 /g‘ This Study:
sL v/ v h/R=10
Y A hR=17 |
0f o h/R=20-
0 20 40 60
Re

Figure 1. Verification of the dependence of the dimensionless flow

intensity parameterm, on the Reynolds number. Our numerical
solutions of the flow intensity parameter fofR of 1.0 and 1.7
(triangles) are compared to the numerical solutions of the flow
intensity parameter for simild¥R values obtained by Dabros and
van de Ve#’ (solid and dashed lines, respectively). The open circles
are the values of the flow intensity parameter corresponding to the
RSPF geometry used in this studyR = 2.0).

wherep andu are the density and absolute viscosity of the fluid,
respectively.

In order to calculate the paramete} of our RSPF system,
we solved numerically the NavieiStokes 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 coordinaimsd
z of the cylindrical coordinate system

(6)
7
wherey, andv, are the radial and axial velocity components of

the fluid. To verify the validity of our numerical solution, we
studied the dependence of as a function of the Reynolds

U= Qz

de Keralmoet al.

O CML
O PAO1 AfliC ApilA

Electrophoretic Mobility (10° m?V's™)
(Aw) [enusjod [BOL}O8I]

“T10 100 1000

lonic Strength (mM)

Figure 2. Experimental electrophoretic mobility of (A) CML
particles and (B) nonmotile PAONMTlIC ApilA bacteria, and
corresponding electrical surface potentials, as a function of ionic
strength (KCI). 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) 260hshima’s outer surface potential was then calculated (dashed
line). Experiments were carried out at an ambient pH{5.5) and

a temperature of 28C (£1 °C).

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

number and compared it to the solution published by Dabros anddefined stagnation point flow field.

van de Ve#’ (Figure 1). We successfully reproduced the values
of o that were obtained for two systems witfiRof 1.0 and 1.7.
We then proceeded to predict the variatiorodffor our RSPF
system (/R = 2.0) as a function of the Reynolds number and
calculated am; of 14.85 for the Reynolds number used in our
deposition experiment®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 systém:

0.073R& + 0.8

af(Rg = —2E T U0
<(R9 0.0173Re? + 1

€

3.2. Characterization of Surface PotentialsElectrophoretic
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 particlésThe 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

The above hydrodynamic characteristics of the RSPF systemipase “soft” surfaces having an ion-permeable polyelectrolyte

hold for an area where the stagnation point flow conditions exist.
The radial extension of this region was defined by Dabros and
van de Ver’ as the distance where the wall vorticity changes
within 3 to 4% of its value at = 0. Such variations have been
shown to have only a small influence on the mass transfer
calculationg” Based 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

(37) Warszynski, PAdv. Colloid Interface Sci200Q 84 (1—3), 47—142.

layer at the surfacé

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 arfd&)d 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

(38) Sonohara, R.; Muramatsu, N.; Ohshima, H.; Konddidphys. Chem.
1995 55 (3), 273-277.
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[0 Clean Silica hard spheres such as bare silica particles (Figure 3A), the outer
B Alginate-Coated Silica

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 patrticles, 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 achi&ved.
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 x 1072%and 6.5x 1021 ] for the latex-water—quart283>
and bacteriawater—quartz system&}3%-33 respectively.
Considering the outer surface potential as the surface potential
6 inthe DLVO calculations suggests the use of different separation
=T 1-80 distances for electrostatic and van der Waals interactions as
- sl el discussed in our previous wofRWe have previously shown
1 10 100 that accounting for a thickness of only a few nanometers for the
lonic Strength (mM) polyelectrolyte layer at the particle or substrate surface, as a
Figure 3. Experimental electrophoretic mobility of (A) pure and difference n separation dlsta_nce b_etwg—:-en van d_er Waz_als_ and
(B) alginate-coated quartz (represented by silica particles) and €lectrostatic forces, can resultin major differences in predictions
corresponding electrical surface potentials as a function of ionic of total interaction energy. However, this distinction in separation
strength (KCI). Electrophoretic mobility data were (i) converted to  distances is not commonly made in other similar studies using
zeta potentials using the Smoluchowski equation (symbols) and (ii) the outer surface potential to predict bacterial deposfti9n?2
fitted with Ohshima’s electrokinetic theory for “soft” particles (solid  gac5use the thicknesses of the ion-permeable layers at the surface

line).26Ohshima’s outer surface potential was then calculated (dashed -
Iine;. Experiments were carriedpout at an ambient pH-{5.5) a(nd of the particle and substrate are not exactly known, we used the

Electrophoretic Mobility (10°m*V"'s™)
(Aw) [enusiod |eou1os|3

a temperature of 25C (41 °C). same separation distance for both interaction forces and defined
it as the distance between the surfaces of the inner core materials
Table 1. Calculated Values of the Fixed Charge Densitypfix) of both the particle and the substrate.

and Electrophoretic Softness (1) for the Bacterial Cells, CML
Particles, and Clean and Alginate-Coated Silica Particles
Obtained by Fitting Electrophoretic Mobility Data Using

Calculated DLVO interaction energy profiles are characterized
by three features that can help to explain the deposition

Ohshima’s Theory for Soft Particles? pgy, and the behavior: (i) the repulsive energy barrier, (ii) the depth of the
Electrophoretic Softness, 14 secondary energy minimum, and (iii) the distance of the secondary
fixed electrophoretic minimum from the substrate. We (_:alculated the dependence of
charge density softness these three DLVO features on ionic strength for systems where
particle/cell type (mM) (nm) particles (cells) are interacting with either clean or alginate-
PAOLATfC ApilA —o5 0.85 coated quartz surfaces.
CML particles —167 0.95 3.3.1. Bare Quartz Substrate.The total interaction energy
clean SiQ —59 0.14 profiles between particles (cells) and bare quartz (Table 2)
alginate-coated SiD -9 4.11 indicated that energy barriers were suppressed at an ionic strength

observed at low ionic strength for bacteria and bare silica when above 100 mM. This ionic strength defines the transition between
compared to CML and coated silica. Such deviation from repulsive (unfavorable) and nonrepulsive (favorable) conditions
theoretical predictions of electrophoretic mobility can be attributed for deposition. Under unfavorable conditions (i.e., ionic strengths
to either the high degree of heterogeneity in the charge andranging from 3 to 30 mM), substantial energy barriers were
resistance to flow of the soft polymer layer for the bacf&ria predicted for CML particles and bacterial cells. At low ionic
to the absence of an ion-permeable layer at the surface of thestrength (3 mM), a large difference between the energy barriers
hard bare silica particle8 However, the subsequent conditioning  calculated with either zeta or outer surface potentials was observed
of the silica particle surface with alginate increased their and was attributed to the poor fitting of Ohshima’s theory to
electrophoretic softness 29-fold and reduced the fixed chargeelectrophoretic mobility data. At that ionic strength, the theory
density by 7-fold (Table 1). These differences in softness and predicted an erroneously strong outer surface potential for the
charge density between bare and alginate-conditioned silicaparticles, which resulted in an energy barrier much larger than
particles reflect the successful formation of a “soft” polyelectrolyte that calculated using zeta potentials. Total interaction energy
layer at their surface during conditioning.
For each particle type, the outer surface potential and zeta (40) Abu-Lail, N. I.; Camesano, T. Anviron. Sci. Technol2003 37 (10),
: : 2173-2183.
potential were calculated and compared (Figures 2 and 3). For (41) Morisaki, H.; Nagai, S.; Ohshima, H.; Ikemoto, E.; Kogurelicrobiol.

(UK) 1999 145 2797-2802.
(39) Tschapek, M.; Santamar, R.; NataleElectrochim. Actal969 14 (9), (42) Hayashi, H.; Tsuneda, S.; Hirata, A.; Sasaki, €blloid Surf. B:
889—-895. Biointerfaces2001, 22 (2), 149-157.
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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 AfliC ApilA Cells as a Function of lonic Strength (KCIp

A — CML particles

zeta potential

outer surface potential

ionic energy secondary distance of energy secondary distance of
strength barrier minimum secondary energy barrier minimum secondary energy
(mM) (KT) depth (KT) minimum (nm) (KT) depth (kT) 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 NB® NB® NB® NBP NB® NB®
300 NB NBP NBP NBP NBP NBP
B — PAOLATfliC ApilA cells
zeta potential outer surface potential
ionic energy secondary distance of energy secondary distance of
strength barrier minimum secondary energy barrier minimum secondary energy
(mM) (kT) depth (kT) minimum (nm) (kT) depth (kT) minimum (nm)
3 574.5 —0.29 53.9 1784.4 —0.23 61.7
10 217.3 —1.39 223 560.7 —1.12 25.8
30 275 —6.30 8.3 15.4 —6.85 7.7
100 NB NBP NBP NBP NBP NBP
300 NB NB® NBP NBP NBP NBP

a Surface potentials of particles (cells) and collectors were replaced by either measured mean zeta potentials or calculated outer surface potential
Hamaker constants werel102°and 6.5x 1072 J for the latex-water—quartZ® and bacteriawater—quart243-33interacting media, respectively.
The equivalent spherical diameter and the density of both the particles and the cells wereah@ 1.055 g/cfj respectively. Other experimental
conditions employed were a capilary Reynolds number of 28.4, a particle (or cell) Peclet number of 0.22, an ambient®) (5uid a temperature
of 25 °C (£1 °C). ® 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 AfliC ApilA Cells as a Function of lonic Strength (KCI}

A — CML particles

zeta potential

outer surface potential

ionic energy secondary distance of energy secondary distance of
strength barrier minimum secondary energy barrier minimum secondary energy
(mM) (KT) depth (kT) minimum (nm) (kT) depth (kT) 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 NB NBP NBP
100 48.4 —25.23 4.1 NB NBP NBP
300 NB NBP NBP NB® NBP NB®
B — PAOLATflIC ApilA cells
zeta potential outer surface potential
ionic energy secondary distance of energy secondary distance of
strength barrier minimum secondary energy barrier minimum secondary energy
(mM) (kT) depth (kT) minimum (nm) (kT) depth (KT) 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 NB NBP NBP
100 7.80 —18.26 3.9 NB NBP NBP
300 NB NBP NBP NBP NBP NBP

a Surface potentials of particles (cells) and collectors were replaced by either measured mean zeta potentials or calculated outer surface potential
Hamaker constants werex110-2°and 6.5x 1021 J for the latex-water—quartZ® and bacteriawater—quart243-33interacting media, respectively.
The equivalent spherical diameter and the density for both the particles and the cells wereah@ 1.055 g/cf respectively. Other experimental
conditions employed were a capillary Reynolds number of 28.4, a patrticle (cell) Peclet number of 0.22, an ambient @76 .&nd a temperature
of 25 °C (£1 °C). " No barrier to deposition and hence no secondary minimum.

predictions also indicated the presence of secondary energy 3.3.2. Alginate-Coated SubstrateTotal interaction energy
minima of statistically equivalent depths for CML particles and profiles between particles (cells) and alginate coated substrates
bacterial cells (Table 2). The depth of these energy wells increased Table 3) predicted very different ranges of unfavorable condi-
with increasing ionic strength and reached a maximum value tions, according to the potential used as the surface potential

ranging betweer-6.30 and-10.02 kT at 30 mM ionic strength.

surrogate. The ionic strengths at which the calculated energy

As the depth of the energy wells increased, their distance from barriers vanish were above 100 and 10 mM when using, in
the substrate decreased to a minimum value ranging between 7.@alculations, the zeta potential and the outer surface potential,

and 9.7 nm at 30 mM ionic strength.

respectively.
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Figure 4. Comparison of theoretical and experimental attachment
efficiency curves of CML particles and nonmotile PAQfLIC ApilA
bacteria on pure (A and B) and alginate-coated quartz (C and D),
respectively, as a function of ionic strength (KCI). The deposition
kinetics are expressed as the attachment efficiencySurface
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conditioned substrates. This discrepancy was common to all of
our theoretical curves, as found in other theoretical particle
deposition studie®2843 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
CandD), 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

potentials of particles and collectors were replaced by either calculatedyood prediction of the ionic conditions required for the deposition

outer surface potentials (OSP), or the measured mean zeta potential

(&). 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 2& (£1 °C). Error bars indicate one
standard deviation.

Unfavorable conditions for particle (cell) deposition obtained

df particles in a primary energy well, namely conditions favorable
for deposition.

3.5. Role of the Secondary Energy MinimumThe 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** Substantial experimental evidence demonstrated
that secondary energy minimum entrapment is important in the

when using zeta potentials were characterized by deep SecondarYransport and deposition of particles in porous médilt was

minima that reached values 6£25.23 and-18.26 kT for CML

further shown that consideration of secondary minimum deposi-

particles and bacterial cells, respectively, at an ionic strength of 15, significantly improves the agreement between theory and
100 mM. Correspondingly, the distances of the secondary eyperimental data of deposition in porous medi#4However,
minimum frqm the substratg reached value.s of 4.1 and 3.9 nmj, RSPE systems, it was suggested that because of the unique
for CML particles and bacterial cells, respectively. These depths hydrodynamic flow conditions, particles trapped in the secondary
and distances of the energy wells were significantly deeper andenergy minimum are swept away from the stagnation point center

shorter, respectively, than those calculated using lower ionic py the radial component of the flow parallel to the substfate.
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, ardl.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 foun

inthe 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

3.5.1. CML Particles. Direct microscopic observation of
deposition of CML patrticles 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 c& 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

dSnergy minima by fitting a linear line across the nine aligned

oints. 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. Xolloids Surf.198Q 1 (3—4), 313-334.
(44) Hahn, M. W.; Abadzic, D.; O'Melia, C. REnviron. Sci. Technol2004

deposition curves were much larger than those of the observed38 (22), 5915-5924.

deposition kinetics curves, indicating significant underestimation
of the deposition kinetics of particles (and cells) on bare and

(45) O’Melia, C. R.; Hahn, M. W.; Chen, C. Water Sci. Technoll997, 36
(4), 119-126.
(46) Tufenkji, N.; Elimelech, MLangmuir2005 21 (3), 841-852.
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and local charge/chemical heterogeneitieSurface 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 surfad.ocal charge heteroge-
neities can be formed due to the weak acidity of our system.
Alginate polysaccharides have Kgbetween 3.5 and 4 and are
likely to be partially uncharged at ambient pH (pH 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 miniffum.
: 3.5.2. Bacterial Cells.Because of optical limitations of the
_ RSPF_ setup when imaging ba_cte_ria, we were unable to collect
i o clearimages, as those shown in Figure 5, that could demonstrate
Figure 5. Transport and deposition of low velocity CML particles  the irreversible deposition of bacteria that were trapped in the
onto alginate conditioning film at an ionic strength of 30 mM (KCI)  secondary minimum. Nonetheless, the occurrence of this
in the RSPF system. Deposition is detected by comparing two phenomenon was also observed during the bacterial deposition
successive pictures of the surface (A, at time; and B, at time experiments (data not shown), indicating that this mode of

=1, + 15 s). By superposing nine successive pictures taken over e . . .
a total time of~3 s, low velocity particles in the vicinity of the deposition is not exclusive to CML particles. Assuming that the

substrate appear as a succession of 9 aligned points. Particles ardreversible attachment is affected by the heterogeneities of the
swept away by the radial flow from the center (circle) toward the Polymeric structures onthe surface, we can predict that the larger
outside boundary of the stagnation point (dashed arrows). Among heterogeneities of cell surface appendages (compared to CML
the particles of low velocity, some particles can deposit (traced in particles) favor the deposition of bacteria that are trapped in
solid frames, with the newly adhering particle shown with solid - gecondary minima. Therefore, the deposition of bacterial cells
arrow) and others do not (traced in dashed frames). The (:aplllaryfrom secondary minimum entrapment could explain, in part, the

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 discrepancy between the slopes of our experimental and theoretical

28.4 and a particle Peclet number of 0.22. Other experimental deposition kinetics.
g?gcgtl%niiing(l%}/ed were an ambient pH (557) and atemperature 4. Conclusion

Deposition kinetics of bacteria onto an alginate conditioning
were depicted by the appearance on two successive pictures ofilm were compared to DLVO predictions of cell deposition.
a dark particle at the end of the trajectory of nine aligned points. The marked discrepancies between experiments and theory were
We showed that, among the particles trapped in a secondarydiscussed in terms of the presence of structural and physico-
energy minimum and entrained by the radial flow (Figure 5A), chemical heterogeneities at the cell and substrate surfaces.
a significant portion of them irreversibly deposited (Figure 5B). Microscopic analysis provided evidence for the irreversible
Direct evidence of this irreversible deposition from secondary deposition of particles (and cells) that were trapped in the
minimum entrapmentwas only recorded during particle deposition secondary energy minimum. This mode of deposition is proposed
onto alginate films at ionic strengths between 30 and 300 mM. to be one of the main causes for the substantial underestimation
The lack of observation of this phenomenon onto bare quartz of deposition kinetics predicted by the DLVO theory.
under similar or lower ionic strength conditions suggests that the

conditioning film is crucial for the irreversible attachment of ~_ Acknowledgment. The work was supported by the Water-
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