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Biocolloid adsorption during transport through porous media, under conditions 

unfavorable for deposition, was investigated. Suspensions from three monoclonal, 

mono disperse bacterial strains were shown to exhibit depth-dependent adsorption to 

ostensibly, uniform, spherical glass collectors. This depth-dependent adsorption was 

not attributable to entrance effects. Colloid filtration theory was modified to include 

distributions in affinity for collectors, and a bimodal probability density function 

comprised of two dirac delta functions with discrete collision efficiencies best fit the 

experimental data. The presence of intrapopulational distributions in surface charge 

density was hypothesized as the cause of the distributed affinity. A capillary elec

trophoresis method for the measurement of electrophoretic mobilities was developed. 

and validated. The method proved versatile and sensitive enough to detect mobil

ity distributions in two of the test bacterium. Examination of colloidal interactions 

profiles, from both classical and extended DLVO theories, showed that the capture 

mechanism was deposition within the secondary minimum. However, attempts to 

model the adsorption data with extant models based on colloidal interactions proved 

unsuccessful.
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ABSTRACT

Biocolloid adsorption during transport through porous media, under conditions unfa

vorable for deposition, was investigated. Suspensions from three monoclonal, mono dis

perse bacterial strains were shown to exhibit depth-dependent adsorption to osten

sibly, uniform, spherical glass collectors. This depth-dependent adsorption was not 

attributable to entrance effects. Colloid filtration theory was modified to include 

distributions in affinity for collectors, and a bimodal probability density function 

comprised of two dirac delta functions with discrete collision efficiencies best fit the 

experimental data. The presence of intrapopulational distributions in surface charge 

density was hypothesized as the cause of the distributed affinity. A capillary elec

trophoresis method for the measurement of electrophoretic mobilities was developed 

and validated. The method proved versatile and sensitive enough to detect mobil

ity distributions in two of the test bacterium. Examination of colloidal interactions 

profiles, from both classical and extended DLVO theories, showed that the capture 

mechanism was deposition within the secondary minimum. However, attempts to 

model the adsorption data with extant models based on colloidal interactions proved

unsuccessful.
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1.0 INTRODUCTION

1.1 Scope

Adsorption of bacteria, from a monodisperse, monoclonal population to a uniform 

surface, is ordinarily characterized with a single adsorption coefficient. However, 

Albinger et al. (1995) demonstrated that aqueous suspensions of such populations 

exhibited depth-dependent adsorption during advective transport through saturated, 

isotropic beds of uniform glass beads. To explain their observations, these investi

gators postulated the bacterial population exhibited a distribution of affinities for 

the glass and attributed the presence of the distribution to intrapopulational hetero

geneities.

In the research described here, the form and nature of the affinity distribution 

was examined. Analysis of the data shows that the distribution is best described 

in terms of subpopulations with discrete adsorption coefficients. Because bacterial 

attachment to glass is thought to be dominated by electrostatic interactions (van 

Loosdrecht, 1990), and because bimodality in the electrophoretic behavior microor

ganisms has been observed in several other contexts (Bisen and Reid, 1989; Cowan 

et al, 1992; Bauer, 1994), intrapopulation variation in surface charge density was 

probed. With this in mind, a capillary electrophoresis technique for the measurement 

of electrophoretic mobilities of large colloidal particles (ca. 1 /mi) was developed and 

validated. This method proved capable of illuminating electrophoretic mobility dis

tributions in the very populations that exhibited distributed affinities for the uniform
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collectors under internally consistent conditions. Furthermore, artifacts such as peak 

splitting (during capillary electrophoresis experiments) and entrance effects (during 

the attachment studies) were probed.

Since bacterial populations that exhibited distributed affinities for uniform collec

tors also exhibited distributions in electrophoretic mobility, attachment was examined 

in terms of standard colloid science. The intent was to make first-principles predic

tions from the physicochemical parameters of the system (e.g. surface charge density, 

particle size, Hamaker constant, ionic strength, etc.). Colloid stability and colloid 

capture theories were invoked for the conditions of the attachment studies and re

markably poor quantitative agreement was obtained between experimentally and the

oretically determined attachment coefficients. Consequently, attachment is discussed 

qualitatively and possible explanations for the discrepancies have been weighed and 

investigated. In addition, an experimental protocol designed to provide fundamental 

insight into bacterial attachment in terms of colloidal forces and surface physiology 

is suggested.

1.2 Literature Review

1.2.1 Disclaimer

The following literature review is not intended to be all-inclusive, rather it should 

provide the reader with a brief review of the material upon which my research focused.
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1.2.2 Rational for Investigating Bacterial Transport/ Attachment

Understanding bacterial transport is pertinent to a variety of contemporary issues 

within the fields of engineering, medicine, and environmental science and technol

ogy. Such a study is directly related to issues of drinking water quality (Craun 

and McCabe, 1973; Lamka et al, 1980), where pathogenic micro organisms travelling 

away from leaky septic tanks or accidental releases at wastewater treatment plants 

may threaten drinking water aquifers, and to the optimization of in situ bioreme

diation efforts (Thomas and Ward, 1989). Understanding bacterial transport may 

even provide clues as to the origin of deep-subsurface microorganisms (Sargent and 

Fliermanns, 1989).

A key determinant in bacterial transport is attachment to the solid surfaces that 

comprise the porous medium. The implications of understanding bacterial adsorp

tion are vast. For instance, understanding bacterial attachment provides insight into 

fouling to due biofilm formation (Mueller et al., 1992; Mittleman et al, 1993), food 

spoilage (Bower et al, 1996), fermentation (Demirci et al, 1993), and wastewater 

treatment (Zita and Hermansson, 1994). Oil field repressurization, using microbes to 

clog pores and increase pressure in the reservoir has been suggested as a means to 

access hard to reach energy reserves (Jenneman et a/.,1985; MacLeod et al, 1988). In 

the medical field, bacterial adsorption has been proven to cause variety of diseases, 

such as urinary tract infections (Reid et al, 1993), and tooth decay (Whittaker et 

al, 1996). Furthermore, adhering cells affect the body’s ability to accept prosthetic
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implants (Busscher et al, 1997), including contact lenses (Miller and Ahearn, 1987), 

orthopedic implants (Barton et al, 1996), and intraocular lenses (Poroles et al., 1993).

1.2.3 Factors that Influence Attachment

Attachment of bacteria to surfaces is thought to be a two step process: transport 

to the surface due to advection, Brownian diffusion, sedimentation, etc., followed by 

physical attachment to the surface (Marshall et al, 1971; Marshall, 1985). There 

are essentially two schools of thought to describe the physical attachment once the 

bacteria have been transported to the surface. The first looks primarily at the surface 

biochemistry of the bacteria and, the second treats bacteria as discrete, colloidal par

ticles and attempts to explain microbial attachment in terms of colloidal interactions.

The complexity of the bacterial surface makes characterization of attachment dif

ficult. For instance, the surface of a gram-negative bacteria are comprised of moieties 

such as proteins and lipopolysaccharides (BPS), while the surface of a gram-positive 

organism contains peptidoglycan, proteins, and teichoic or teichuronic acids. Addi

tional extracellular polysaccharides and proteinaceous macromolecules, like flagella, 

pill, and fimbriae, may also be present (Hammond et al, 1984). For instance, lipid 

composition of the LPS (Williams and Fletcher, 1996), fimbrial proteins (DeFlaun et 

al, 1990), and extracellular polysaccharides (Pringle et al, 1983) have all been shown 

to influence the adhesive properties of P. fluorescens.

Furthermore, the role that specific complex macromolecules play in bacterial at

tachment is difficult to discern. Even among a single species, isolating a specific
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surface chemical responsible for attachment is difficult. For example, Pringle pt al. 

(1983) found that production of an alginate extracellular polysaccharide increased 

the hydrophobicity and prevented attachment to surfaces. Yet, extracellular polysac

charides have been shown to increase adhesion when they are excreted by attached 

bacteria to strengthen bonding (Costerton et al, 1985; Neu and Marshall, 1990). 

Owing to the complex nature of the bacterial surface and since the specific polymers 

that control attachment have yet to be determined, many researchers have chosen 

to use lumped physicochemical parameters, such as surface charge density and hy

drophobicity, to describe attachment instead of probing the specific surface chemistry 

that governs adsorption.

Surface charge density effects are manifested as an electrostatic interaction energy 

(or force). The electrostatic interaction energy is highly dependent on both electrolyte 

concentration and pH. The pH dependence arises from the acid-base equilibria be

tween ionogenic groups on the surface and hydrogen ions in solution. In aqueous 

systems, counterions from the bulk solution are attracted to charged surfaces, form

ing what is known as a diffuse double layer. The thickness of the diffuse double layer

is characterized by the Debye screening length, «-1. For a general electrolyte,

1/2
-1 eeokBT  

X e 2(zk)2nkb_
(1.1)

where e is the relative permittivity of the buffer, cq is the permittivity of the vacuum, 

kB is Boltzmann’s constant (1.38054 xlO-23 J/K ), T  is the absolute temperature, 

e is the fundamental charge (1.6 xlO-19 C), and zk and nk are the valence and
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bulk concentration of the kth  ionic solute, respectively (Russel et al, 1989). As 

the ionic strength increases the double layer becomes compressed and the effects of 

electrostatic interactions are not felt until the surfaces are very close. As two surfaces 

are brought together, their respective double layers overlap giving rise to electrostatic 

forces. Depending on the nature of the charged surfaces, these interactions may be 

either repulsive (for like charged colloids) or attractive (unlike charged colloids).

Numerous researchers have found bacterial attachment to be a function of ionic 

strength, an observation consistent with diffuse double layer theory. Pathogen trans

port in the subsurface is promoted by heavy rainfall (Lamka et al, 1980; Gerba and 

Bitton, 1984; Matthess et al, 1988), which generally lowers the ionic strength of the 

pore fluid (Bitton and Harvey, 1992). In laboratory studies, Marshall et al (1971) 

found that reversibly-adsorbed, non-motile Achromobacter strain R8 was repelled 

from glass surfaces when the electrolyte concentration was decreased to 5 xlO-5 M 

for NaCl and 5 xlO-4 M for MgS04. Repulsion at higher concentrations of a di

valent electrolyte (MgSC^) relative to a monovalent electrolyte (NaCl) is consistent 

with diffuse double layer compression. Similar results, detachment with decreasing 

electrolyte concentration, were observed by Roper and Marshall (1974) and Gannon 

et al (1991). Furthermore, bacterial attachment to glass was found to be reduced by 

decreasing the ionic strength of the carrier solution (Martin et al, 1992; Jewett et al, 

1995; Gross and Logan, 1995). Attachment to glass (Marshall et al, 1971), hydrox

yapatite (Gordon and Millero, 1984), quartz sand (Sharma et al, 1985), polystyrene
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(van Loosdrecht et al, 1989), and clean muscovite (Scholl et al, 1990) was increased 

by increasing the ionic strength. Gannon et al. (1991) found that the dependence 

of attachment of Pseudomonas sp. strain K12 on ionic strength to be reduced at 

concentrations greater than 108 cells/ml. They postulated that there are a limited 

number of favorable adsorption sites, thus contributing to the decreased dependence 

on ionic strength at high cell concentrations.

Further evidence of the importance of electrostatic interactions is found when 

attachment of negatively charged bacteria to negatively charged surfaces is compared 

with attachment to positively charged surfaces. Fletcher and Loeb (1979) found that 

the rate of attachment of negatively charged bacteria to positively charged metallic 

surfaces, Ge and Ft, was higher than to that of negatively charged surfaces, glass 

and quartz. Similar results were observed by Scholl et al. (1990), who observed 

increased attachment to Fe-hydroxide coated quartz and muscovite relative to clean 

(uncoated) surfaces, and Scholl and Harvey (1992), who demonstrated the importance 

of oxyhydroxide coatings (Al, Fe, and Mn) by comparing bacterial attachment to 

coated sediment with sediment from which the coating had been removed. Mills et 

al. (1994) found that even small amounts of Fe (III)-coated sand in a mixture of coated 

and uncoated sand influenced the number of attached bacteria. On a similar note, 

Jucker et al. (1996) found a positively charged bacterium that adsorped preferentially 

(relative to a negatively charged cell) to negatively charged glass and Teflon at low 

ionic strengths.
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In the physiological pH range (4.0 to 9.0), studies on the influence of pH on bacte

rial attachment have yielded mixed results. Since bacteria and sediment surfaces are 

negatively charged at the pH of most groundwater (Tipping and Coske, 1982; Thur

man, 1985) and the isoelectric point of most bacteria is between 2 and 4 (Harden and 

Harris, 1953), pH changes in the physiological range might not be expected to affect 

attachment. This hypothesis has been confirmed experimentally (Abbot et al, 1983; 

McEldowney and Fletcher, 1986a; Stenstrom, 1989; Jewett et al, 1995). However, 

other studies found retention to increase as the pH is decreased (McEldowney and 

Fletcher, 1988; Scholl et al, 1990; Kinoshita et al, 1993), perhaps due to double layer 

compression at high ionic strength rather than changes in surface charge associated 

with pH and hydrophobicity. Scholl and Harvey (1992) found that unless organic 

contaminants were present attachment was relatively insensitive to changes in pH. 

The authors stated that when organics are present hydrophobic interactions can not 

discounted.

Bacterial attachment is often couched in terms of hydrophobicity, which for bac

terial attachment is primarily a qualitative term describing affinity for water. For 

instance, a hydrophobic (water-fearing) cell would be more likely to adhere to a sur

face than a hydrophilic (water-loving) one. Hydrophobic bacteria have been found to 

bind more firmly to surfaces than hydrophilic ones (Rosenberg, 1981; Kefford et al, 

1982; Kjelleberg et al, 1982). Attachment to hydrophobic surfaces, including such 

plastics as Teflon, polyethylene, and polystyrene, was controlled, at least in part, by
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cell hydrophobicity (Fletcher and Loeb, 1979; van Loosdrecht et al, 1987). Attach

ment to hydrophilic surfaces, such as clean glass (a model for hydrophilic and natural 

surfaces of silicates and oxides), is controlled primarily by electrostatics (van Loos

drecht et al, 1990; Gross and Logan, 1995). However, Stenstrom (1989) found that 

at high ionic strengths, where the double layer might be compressed, attachment to 

mineral surfaces was governed by hydrophobicity.

Separating hydrophobic and electrostatic interactions is challenging. For instance, 

addition of nonionic surfactants (Tween 20 and sodium dodecylsulfate), was found to 

decrease bacterial attachment (Gross and Logan, 1995; Johnson et al, 1996). Non

ionic surfactants have been postulated to reduce hydrophobic interactions without 

affecting electrostatics. Addition of sodium dodecylsulfate had only a slight effect 

on the surface charge density of Alcaligenes paradoxus (as gauged by electrophoretic 

mobility), however the electrophoretic mobility of glass bead collectors was decreased. 

Gross and Logan (1995) concluded that bacterial attachment was reduced by treat

ments that affected both hydrophobicity and surface charge. This result is not sur

prising, as an inability to differentiate hydrophobicity from electrostatics is a major 

shortcoming of many of the methods for determining hydrophobicity (Rosenberg and 

Kjelleberg, 1986).

Attachment descriptions that are based on lumped physicochemical parameters 

begin with treating the bacteria as discrete colloidal particles. Such models are pred

icated on theories of colloidal interactions and capture. This approach fits nicely
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with the cell surface chemistry models because it is widely believed that cells are 

reversibly captured at the surface by colloidal forces before macromolecules, such as 

pili or fimbriae, form irreversible bonds (Marshall, 1985). The following section will 

present theories of colloidal interactions and provide the background necessary for 

understanding the role that these interactions play in bacterial attachment.

1.2.4 Theories of Colloid Stability

Colloidal interactions are often described with the well known Derjaguin-Landau- 

Verwey-Overbeek (DLVO1) theory of colloid stability. A stable colloidal suspension 

is defined as a dispersion that has the ability to resist coagulation. In classical DLVO 

theory, the energy of interaction (Volvo) between colloidal particles (or a colloid and 

a surface, such as a collector) is obtained by combining London-van der Waals, Vw, 

and electrostatic energies, Ve\, viz.

Volvo =  V i +  V w  (1-2)

A classical DLVO profile, containing primary and secondary energy minima and 

a primary energy barrier, is shown in Fig 1.1. The energy barrier obtains in most 

natural groundwater systems because the bacteria and mineral surfaces are often 

negatively charged (Loder and Liss, 1985). The electrostatic interactions are thus 

repulsive. The salient features of the interaction profile stem from the differing mag

nitude and spatial dependence of the competing forces: the dispersion forces vary

1In order to avoid confusion with later developments and/or extensions to the theory, the theory 
as envisioned by Derjaguin and Landau (1941) and Verwey and Overbeek (1948) will henceforth be 
referred to as classical DLVO, whereas recent extensions to the theory (see below) will be referred 
to as extended DLVO or ExDLVO.
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-100

k H 0

Figure 1.1: Typical dimensionless interaction energy profiles as a function of di
mensionless surface-to-surface separation between negatively charged spheres. Insert 
shows the figure rescaled to highlight the secondary minima. Legend: -------- , clas
sical DLVO interaction energy (Volvo) ; ---------- , London van-der Waals interaction
energy (Mw) ; -------- , electrostatic interaction energy (%,,).
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inversely with surface-to-surface separation Hq, whilst the electrostatic repulsion de

cays exponentially on a length scale characterized by ac- 1 . The primary (energy) 

minimum is located at separations on the atomic length scale and exists because 

dispersion forces dominate at these distances. At surface-to-surface separations on 

the order of kT 1, the dispersion forces are diminished while the electrostatic forces 

persist. This yields the energy barrier, which vanishes at larger separations because 

counterions screen the electrical repulsion. A secondary minimum results when the 

residual van der Waals forces are sufficient to overcome the (exponentially) screened 

electrical repulsion.

While classical DLVO has been used successfully in several contexts, such as pre

dicting soap film thickness or double layer forces (see Israelachvili, 1992 or Hunter, 

1993 for a review), it does not always provide a complete depiction of colloidal inter

actions. Even prior to the development of instruments sensitive enough to directly 

measure colloidal forces, evidence of non-classical DLVO type interactions existed. 

For instance, Laskowski and Kitchener (1969) found that wetting films on methy

lated silica surfaces ruptured spontaneously, despite the fact that the electrostatic 

and dispersion forces were repulsive. Pashley and Kitchener (1979) found that the 

measured disjoining pressure at a quartz-water-air interface was greater than pre

dicted by electrostatic and dispersion forces. Furthermore, the stability of strongly 

hydrophilic colloids, for example silica, cannot be predicted by classical DLVO (Her, 

1979).
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Recent technological advances, such as the surface force apparatus (SFA; Is- 

raelachvili and Adams, 1978) and atomic force microscopy (AFM; Hansma et al, 

1988), have made direct measurement of these additional, short-range colloidal forces 

possible. For example, measurements of an attractive, non-classical DLVO type 

force, named the hydrophobic force, have been made between mica surfaces in equi

librium with hexadecyltrimethylammonium bromide (GATE) solutions (Israelachvili 

and Pashley, 1982) and between coated hydrophobic surfaces (Israelachvili and Pash- 

ley, 1984). Unaccountable, at least by classical DLVO theory, attractive and repulsive 

forces have been observed in other contexts as well (Israelachvili and McGuiggan, 

1988). When these forces are attractive they are often called “hydrophobic” inter

actions, while they are called “hydration” interactions when they are repulsive (Van 

Oss et al, 1990).

Van Oss et al. (1986) amended classical DLVO theory to account for the presence 

of these forces, viz.

VexDlvo — Volvo +  Fab (1-3)

where IT* is the interaction energy due to hydrophobic (or hydration) interactions. 

It is important to note that the forces that distinguish ExDLVO from classical DLVO 

theory are short range forces (ca. 5 nm), and that, while their inclusion may sig

nificantly alter the primary minimum and maximum, the location and depth of the 

secondary minimum remain unchanged (cf. fig 1.2).
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Figure 1.2: Typical dimensionless interaction energy profiles as a function of di
mensionless surface-to-surface separation between a negatively charged, hydrophilic 
sphere and a negatively charged, hydrophilic flat plate. Insert shows the figure 
rescaled to highlight the secondary minima. Legend: -------- , extended DLVO in
teraction energy (VexDLVo) ; ---------- , classical DLVO interaction energy (Volvo); ~
— , hydrophobic interaction energy (Vab).
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1.2.4.1 Electrostatic Interactions

The origin of the electrostatic interaction energy was discussed briefly in previous 

section. In general, this energy arises from overlapping diffuse double layers associated 

with the two surfaces of interest. Electrostatic interactions are repulsive for surfaces of 

like charge. To find the electrostatic interaction energy Vei between two surfaces, the 

Poisson-Boltzmann equation (PBE) must be solved for the distribution of electrostatic 

potential as a function of distance between the surfaces,

N
ee0VH f = - e  ^  zkn^ exp (-ezk^ / k BT), (1.4)

i

where N is the total number of ionic species and T is the electrostatic potential. 

When solving the PBE, one commonly considers the surfaces to have either a constant 

surface potential, viz.

T =  To (1.5)

or a constant surface charge,

V T - n  =  — , (1.6)
eeo

where n is the unit normal and a is the surface charge density. These boundary 

conditions provide limits for surfaces that regulate their charge according to mass 

action equilibria with the surrounding fluid. Solutions of the fully nonlinear PBE 

often requires numerics and are often difficult to use in a practical sense. It is for 

these reasons that Eqn (1.4) is often linearized and solved analytically (see Elimelech 

et al, 1995 for a review).
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One of the most commonly analytical used expressions for tgi is the heteroco

agulation model of Hogg et al. (1966). The heterocoagulation model provides the 

electrostatic interaction energy between two dissimilar (in both characteristic length 

and surface potential), constant potential spheres, viz.

where ai and 0,2 are the characteristic lengths (radii) and T 0l and T 02 are the surface 

potentials of the two spheres, respectively, and Ho is the surface-to-surface separation 

distance between the two spheres. Equation (1.7), is valid for and T»2 less than 

50-60 mV and for thin double layers, i.e. ko, 1.

1.2.4.2 van-der Waals Interactions

van-der Waals forces, also referred to as dispersive forces, arise from dipole or induced- 

dipole interactions at the molecular level (Hiemenz and Rajagopalan, 1997). They 

tend to dominate at large separation distances and are typically attractive and largely 

insensitive to changes in electrolyte concentration and pH (Israelachvili, 1992). Lon

don van-der Waals interactions are characterized by the Hamaker constant, A. For 

interactions between a bacterium and a surface in aqueous systems A  is function of 

the individual Hamaker constants of the bacterium, the surface and water, viz.

T ln(l — exp(—2kWo)) ,

(1.7)

( 1.8)

where the subscripts b,w, and s refer to the bacterium, water and the surface, re

spectively (Visser, 1972). The Hamaker constant is related to the hydrophobicity of
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the surface and bacterium in question. For example, an increase in hydrophobicity 

of a bacterium, say by the addition of a surfactant, increases the difference in the 

bacterium-water Hamaker constants, \Z^b — \A4W, thus increasing A  and thereby 

increasing the attraction due to van-der Waals forces. The London van-der Waals 

interaction energy between two spheres is:

_  —  A a i 0 2

lw _  6(a1 +  a2)i70‘

(Israelachvili, 1992).

1.2.4.3 Hydrophobic Interactions

Experimentally, hydrophobic forces have been shown to be short range forces that 

vary exponentially with distance (Israelachvili and Pashley, 1981). Hydrophobic in

teractions can be either attractive or repulsive depending on the nature of the surfaces 

involved. According to a theory proposed by Van Oss et al. (1986), interactions due 

to these forces originate from electron acceptor-electron donor (in a Lewis acid-base 

sense) interactions, that are dependent on the Lewis acid-base characteristics of the 

solid surfaces and liquid medium. These interactions are polar and non-electrostatic 

in nature (Van Oss et al, 1988). The acid-base interaction energy, Vab, between a 

spherical colloid and a flat plate is defined as:

Lab =  2va1y0A G ^  exp[(y0 -  H0)/X], (1.10)

where A G ^ is the acid-base Gibbs free energy at the distance of closest approach y0 

(assumed to be 1.57 xlO-10 m), and A is the decay length of water, usually taken to
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be 10 xlO 10 m (Van Oss, 1990). A G ^ is characterized by the capacity of the solid 

surfaces and liquid to accept and donate electrons.

1.2.5 Colloid Capture

The section will be formatted as follows. First colloid filtration theory will be pre

sented as a means to quantify bacterial attachment. Then colloidal interactions will 

be discussed in the context of bacterial capture and finally the attempts to include 

colloidal interactions in capture models will be presented and discussed.

1.2.5.1 Colloid Filtration Theory

The two-step bacterial attachment process can be described using colloid filtration 

theory (Harvey and Garabedian, 1991). In colloid filtration theory, based on the fil

tration model of Yao et al. (1971) and the semi-empirical methods of Rajagopalan 

and Tien (1976) and Rajagopalan et al. (1982), transport of colloidal particles (bac

teria) through saturated, isotropic porous media can be represented by a convective- 

dispersive equation, augmented by adsorption and desorption terms to account for 

interactions with the collector surface, viz.

— +  U • Vc = V • (D • Vc) +  R (1.11)

with

(1.12)

Here c is the concentration of particles (bacteria) in suspension, U is the interstitially- 

averaged fluid velocity, D is a dispersion dyadic, t denotes time, and and i?des
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are the adsorption and desorption rates, respectively. Colloidal attachment studies 

are typically done in systems where the collector is much larger than the bacteria 

and initially free of colloids. Accordingly, there is a large excess of clean surface to 

which the colloids can absorb, meaning that detachment can be neglected and the 

local adsorption rate will be linear in the colloid concentration, i.e.

In attachment studies, the rate of convective flow is typically strong relative to the 

rate of dispersive transport, i.e. dispersion can be neglected. Experiments are usually 

conducted until steady conditions are reached, and the influent colloidal suspension 

is applied uniformly over the cross-section of the test column. Therefore, Eqn (1.11) 

reduces to:

where y denotes the axial position. The coefficient k is obtained from filtration theory 

and is a function of the properties of the porous medium and the colloid involved, 

viz.

where 9 is the porosity of the medium, ac is the characteristic length (radii) of the 

collector and r)r is the removal efficiency of the collector. The removal efficiency of 

the collector is essentially the fraction of particles approaching the collector surface 

that attach to the surface, and is commonly split into two dimensionless parameters 

(% = rja): the collector efficiency 77, which is defined as the fraction of approaching

(1.13)

U —  — k&dgC — —kU c, 
dy

(1.14)

(1.15)
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particles that colloid with the collector, and the collision efficiency a, defined as the 

fraction of colliding particles that attach to the collector. The collector efficiency can 

be calculated a priori from the physical and hydrodynamic parameters of the system 

using an empirical expression derived from analysis of clean-bed interception:

p = 1.0A8Nk/8N £ /8 + 0.00338AsArg12/10A r4/10 +  4.0As1/3Â pe2/3 (1.16)

where the various dimensionless groups are: As =  2(1 — p5)/(2 — 3p +  3p5 — 2p6), a 

geometric factor that accounts for interactions among neighboring collectors; 

iVH =  A/QTvpa^Uoo, the relative strength of London-van der Waals and viscous forces; 

lVar =  ab/a c, the ratio of particle (bacterium) to collector radius; Ng = 2a^(pb — 

p)g/9/j,UO0, the relative strength of buoyancy and viscous forces acting on a bacterium; 

IVpe =  2C/00ac/D 00, a Peclet number weighing the relative influence of convection and 

diffusion on the particle motion (Logan et al, 1995). Here pb and Dqo respectively 

denote the particle density and diffusivity, p and p, are the fluid density and viscosity, g 

is the acceleration due to gravity, Uoo is the approach velocity andp =  (1—0)1/3. Since 

all of the hydrodynamics are presumably included in the calculation of p, any other 

factors, for instance electrostatic interactions, that influence bacterial attachment are 

accounted for by the collision efficiency a (Yao et al, 1971).

Equations (1.14) and (1.15) can be combined to give,

3 ( 1 - 9 ) .c(y) =  co exp
4(Zr

-m v (1.17)

where the influent colloid concentration (c at y =  0) is cq. Note, if the axial position 

y is normalized to the column length, i.e. if x = y/L , then Eqn (1.17) can be recast
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as

c(x) = c0 exp[—lVDajQ'a;] (1.18)

where A^a =  3(1 — 9)rjL/4ac is a Damkohler number characterizing the rate of bac

terial collisions with the collector relative to the rate of convective transport.

To date attempts to calculate a for nonsticking (low-a) particles, a priori, from 

the physicochemical parameters of the system, have been largely unsuccessful (Russel 

et al, 1989; Hahn, 1995). It is for this reason, that a  is commonly determined from 

colloid retention data (Martin et al, 1992; Logan et al, 1993; Gross et al, 1995), viz.

1.2.5.2 Inclusion of DLVO Theories

Classical DLVO theory provides a convenient mechanisms for studying bacterial at

tachment in aqueous systems (Marshall et al, 1971; Weiss and Harlos, 1972; Rutter 

and Vincent, 1984; van Loosdrecht et al, 1989 Jucker et al, 1996). van Loosdrecht et 

al (1990) found that the conceptual principles of classical DLVO theory (electrostatic 

and London van-der Waals interactions) are suitable to describe, at least qualitatively, 

the initial processes of bacterial attachment to a wide variety of surfaces. For the most 

part, classical DLVO theory is used to qualitatively describe attachment, where argu

ments are made for or against classical DLVO mediated capture based on experiments 

where the various DLVO parameters, such as ionic strength and composition, colloid 

and collector size, and collector material, are probed. Classical DLVO theory is so 

accepted that it is often attributed to control attachment based solely on the behavior

(1.19)
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of such experiments without actually calculating the interaction profiles (for example 

Gordon and Millero, 1984 and Mills et al, 1994).

Ionic strength I  and composition are the most commonly probed DLVO parame

ters; likely due to the fact that they are easy to manipulate and slight adjustments 

can produce significant results. As seen in the section 1.3 Factors that Influence 

Attachment, bacterial attachment is highly dependent on ionic strength. This depen

dence is attributed to electrostatic interactions (and therefore DLVO theory). With 

an increase in ionic strength, the manner with which the classical DLVO profile is 

affected is often twofold. The diffuse double layer is compressed (regardless of the 

nature of the surfaces) and the surface potential of surfaces with a constant surface 

charge density is reduced. The result is a decrease in the electrostatic interaction 

energy; causing the primary energy barrier to be reduced and the depth of the sec

ondary energy well to increase. Conversely, when the ionic strength is decreased the 

effects of electrostatic interactions are felt at larger separation distances; increasing 

the primary energy barrier and decreasing the depth of the secondary minimum (cf. 

Fig 1.3). The experiments described in section 1.3 showing increased attachment with 

increasing ionic strength and decreased attachment and detachment with decreasing 

ionic strength are thus consistent with DLVO theory.

Examination of DLVO interaction energy profiles, both classical (Fig 1.1) and 

extended (Fig 1.2), shows that capture is possible in two locations, the primary and 

secondary energy wells. Colloids that have sufficient energy to overcome the primary
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-100

Figure 1.3: Influence of ionic strength on classical DLVO profile between a spherical 
bacterium (ab =  0.5/mi, (y = —25 mV) and a spherical glass collector (ac = 20/mi, 
(c =  —25 mV) in a 1:1 electrolyte solution. The Hamaker constant A =  5 x 10-21 J. 
Legend: -------- , /  =  10~4 M; — — —, I  = 10-2 M;---------, I  = 10_1 M.
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energy barrier and reach the primary energy well are thought to be irreversibly bound 

to the surface. Reversible attachment is believed to take place in the secondary 

minima. However, irreversible attachment may take place in the secondary minimum 

provided bacteria have special appendages or produce polymers that can bridge the 

distance between the cell and the surface (Marshall et al, 1971).

Removal of colloidal particles from suspension during transport through porous 

media is a two step process, characterized by two distinct length scales. In the bulk 

or far field where changes in the bulk particle concentration occur over a macro

scopic length scale L (typically characterizing the external boundaries of the system), 

particle transport can be described with a convective-diffusive continuum particle 

transport equation (cf. Eqn (1.11) without a bulk phase reaction, i.e. R = 0). 

This expression governs the transport of particles to the vicinity of the collector sur

face. Near the collector surface (characterized by a microscopic length scale l) the 

convective-diffusive equation was augmented to include the short-range physicochemi

cal (DLVO type) interactions govern attachment. Historically the overall removal was 

found by incorporating the microscale behavior into an apparent boundary condition 

for the bulk convective-diffusive continuum particle transport equation (Ruckenstein 

and Prieve, 1973; Spielman and Friedlander, 1974; Dahneke, 1976; Ruckenstein and 

Prieve, 1976). The apparent boundary condition was found by matching the macro

scopic and microscopic equations at the boundary layer; resulting in an apparent 

boundary condition where the short-range physicochemical interactions were lumped
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into an effective, irreversible, first order surface reaction rate (see below).

While Ruckenstein and Prieve (1973) and Spielman and Friedlander (1974) ob

tained the form of the apparent boundary condition based on intuitive arguments, 

Shapiro et al. (1990) rigorously derived it. They show that the form of the boundary 

condition is dependent on both the ration of microscopic to macroscopic length scales 

(5 =  l/L) and upon the nature of the interaction energy profile. For the case when a 

primary energy barrier is present, the dimensionless parameter that accounts for 

the short-range interactions is essentially characterized by the magnitude of the en

ergy barrier. Based on the product Skoo in the limit that 5 —>■ 0, a trio of forms for the 

apparent boundary condition are possible: “shallow barrier” , “high potential energy 

barrier” , and “very high potential barrier” . When Sk^  —>■ 0 a “shallow barrier” ex

ists deposition is characterized as a perfect sink. The “high potential energy barrier” 

(Skoo —>■ const) corresponds to the boundary condition derived by Ruckenstein and 

Prieve (1973) and Spielman and Friedlander (1974) among others (see below). When 

Skoo —> oo a “very high potential barrier” is encountered the particles are prevented 

from approaching the wall.

When there is no energy barrier or the energy barrier is insurmountable ( “very 

high potential barrier”) deposition is controlled by the depth of the primary or sec

ondary minima, respectively. In the latter case the energy barrier looks essentially 

like the collector surface and deposition in the secondary minima is analogous to 

deposition in the primary minima when no barrier is present. For both cases the di
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mensionless parameter a that characterizes the interaction energy is the exponential 

of the magnitude of the energy well. Again a trio of possible forms for the apparent 

boundary condition exist: “shallow potential well” , ”deep potential well”, and ’’very 

deep potential well” . When 0(a) > 0(5) the energy well is considered to be very 

shallow matching the microscale and macroscale is not possible. Both the ” deep po

tential well” [0(a) =  0(5)] and ’’very deep potential well” [0(a) < 0(5)] result in a 

surface-excess particle transport problem, with deposition controlled by the depth of 

the well in the first case and a perfect sink boundary condition in the latter.

To help interpret colloidal capture, Spielman and Cukor (1973) included electro

static interactions in the trajectory analysis of a spherical particle (e.g. bacterium) 

flowing past a spherical collector to construct a stability diagram for particle capture 

(cf. Fig 1.4). Capture behavior is characterized by the particle dimensionless Debye 

length Kab and two additional dimensionless groups, iVR =  37rabeeoCbCcM, a repul

sion number characterizing the relative strength of electrostatic and London-van der 

Waals forces, and N& = N-r /N ^ , an attraction number characterizing particle inter

ception due to London-van der Waals forces. The stability diagram is divided into 

four distinct regions: no capture, capture in the primary minimum only, capture in 

the secondary minimum only, and capture in both the primary and secondary min

ima. According to the model, no capture occurs when the energy barrier is high and 

the secondary minimum is negligible, preventing particles from reaching the collector 

surface. Capture occurs in: the primary minimum when the particles have sufficient
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Figure 1.4: Stability diagram describing the mechanisms of capture of a spherical 
colloidal particle by a spherical collector under the influence of constant potential 
electrostatic interactions. Four regions are delineated on the figure: A) no capture; 
B) capture in the primary minimum; C) capture in the secondary minimum; D) 
capture in the primary or secondary minimum. The delinearing curves are drawn for 
Acab = 165, as interpolated from Spielman and Cukor (1973).
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energy to pass over the repulsive barrier, the secondary minimum when the particles 

do not have sufficient energy to overcome the energy barrier or to escape from the 

secondary minimum, and in the primary and secondary minima when the particles 

can pass the energy barrier but the secondary minimum well is deep relative to the 

energy of the particles.

A variety of approaches have be used to calculate, a priori, the collision efficiency 

a  from the Brownian motion and DLVO forces that ostensibly dominate the particle 

transport close to the collector surface. For collection within the primary energy 

minimum, particle removal from suspension is represented by a pseudo-first order 

surface reaction that includes the effects of Brownian and DLVO forces on particle 

transport in the vicinity of the collector (Ruckenstein and Brieve, 1973; Spielman and 

Friedlander, 1973; Danhke, 1975a and b; Prieve and Ruckenstein, 1976; Shapiro et 

al, 1990). The pseudo-first order rate constant K F is given by

K-p =  Dr (/: M # o )  exp [Volvo ( H q ) / k ^ T ]  -  1} dtfo j
-1

(1.20)

where 5p is the thickness of the boundary layer over which colloidal interaction 

forces are dominant (Levich, 1962) and gi(H0) is a hydrodynamic resistance func

tion (Dahnke, 1974). This rate constant is incorporated into the calculation of the 

the collision efficiency, as has been done by Elimelech and O’Melia (1990a and b) for 

the attachment of polystyrene spheres to sodalime glass beads, i.e.

a  =
V

(1.21)



39

where

p  = ^ r ( l / 3 ) A s- 1/3Ar-i/s | (1.22)

77 is the single collector efficiency in the absence of electrostatic interactions. F is the 

familiar gamma function (Davis, 1964), and S{0) is a function, tabulated by Spielman 

and Freidlander (1973), that varies slowly between 1.0 and 1.4.

In the presence of a substantial energy barrier (l^iax greater than several /cbT1, the 

integral in Eqn (1.20) is dominated by the exponential term (Prieve and Ruckenstein, 

1976), so that that the rate constant K-p follows and Arrhenius form and

a. =  7 exp (— | ymax | jh ^T ) , (1.23)

where 7 is a pre-exponential factor and Vm3jX is analogous to an activation energy 

(Elimelech, 1992).

Elimelech and O’Melia (1990a and b) compared collision efficiencies calculated 

using Eqn (1.21) with those generated from deposition experiments of negatively 

charged latex microspheres onto negatively charged glass collectors as a function 

of ionic strength and composition (cf. Figs (1.5 & 1.6). Such comparisons show 

that Eqn (1.21) (or equivalently, Eqn (1.23)) grossly underpredicts a  at low ionic 

strengths as Vm3x grows dramatically when the Debye screening of the surface charges 

is diminished.

A variety of explanations were posed to explain the discrepancy including: hydro- 

dynamic interactions, distribution of surface potential, electro dynamics, deposition 

in the secondary minima, and surface roughness (Elimelech and O’Melia, 1990a).
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Figure 1.5: Comparison of experimental vs. theoretical a  as a function of ionic 
strength for Brownian latex particles. Theoretical as were calculated from physico
chemical parameters of the system using Eqn (1.21) (reprinted from Elimelech, 1992)



lo
ga

41

l o g [ C a C l 2 ]

Figure 1.6: Comparison of experimental vs. theoretical a  as a function of ionic 
strength for non-Brownian (2//in in radius) latex particles. Theoretical as were cal
culated from physicochemical parameters of the system using Eqn (1.21) (reprinted 
from Elimelech, 1992)
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The concept of deposition in the secondary minima is well established in the 

bacterial attachment literature, since initial deposition in the secondary minima is 

thought to be reversible and bacterial attachment is usually reversible (Marshall et al, 

1971; Busscher et al, 1984; van Loosdrecht et al, 1987). Arguments for deposition 

in the secondary minima include: the presence of insurmountable primary energy 

barriers coupled with dependence on ionic strength (van Loosdrecht et al, 1989); and 

observations with a tracking microscope showing bacteria suspended adjacent to a 

planar surface (Frymer et al, 1995). Further evidence was garnished by Meinders et 

al. (1995), who correlated the deposition of bacteria and latex microspheres onto glass 

or a polymethylmethacrylate (PMMA) substrate with the secondary minima depth. 

Similar results were obtained by Litton and Olson (1996) with latex microspheres and 

quartz.

Owing to the insurmountable barrier to the primary minimum posed by a large 

l/max, Hahn (1995) postulated that the collision efficiency should be determined by

a = 1 — exp (— | V2°min | / k&T), (1-24)

where the relevant energy barrier in the problem is V^mm rather than l/max. Here the 

particles retained on the collector are that fraction of the population that does not 

have sufficient energy to escape the secondary minimum. Equation (1.24) exhibits far 

less sensitively to ionic strength than Eqn (1.21; cf. Fig 1.7).
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BFM - low A

BFM - high A

-log[KCl}

Figure 1.7: Comparison of experimental vs. theoretical a  as a function of ionic 
strength for Brownian latex particles. Legend:--------- , deposition with the primary
minima Eqn (1.21);------------, deposition within the secondary minima Eqn (1.24)
(reprinted from Hahn, 1995)
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1.3 Explanation of Dissertation Format

A portion of the research contained in this dissertation has been compiled into the 

form of two original manuscripts, coauthored with my advisors (Robert G. Arnold, 

Ph.D., James C. Bay gents, Ph.D. & Kimberly L. Ogden, Ph.D.) and other members of 

our research team. Though the manuscripts were coauthored, the work (experiments 

and analysis) contained within them was done be the author of this dissertation under 

the direction of my advisors. Rather than restating this material in a new format, 

these manuscripts are included as appendices of the dissertation. The first manuscript 

(see Appendix A), which has been accepted for publication in Environmental Science 

& Technology, colloid filtration theory is modified to include adsorption probability 

density functions, which is then shown to adequately describe the depth-dependent 

adsorption of monoclonal, mono disperse bacteria during transport through porous 

media. Furthermore, intrapopulational variation in surface charge density is postu

lated as a physicochemical explanation for observed distribution in attachment. The 

second manuscript (see Appendix B), which has been accepted for publication in 

Applied & Environmental Microbiology, describes the development and validation for 

the use of capillary electrophoresis as a means of measuring electrophoretic mobil

ities of large (ca. 1 /zm) particles. This method compared favorably with extant 

techniques; both in terms of accuracy and by providing an electrophoretic mobility 

histogram, shown to be useful in the detection of intrapopulational heterogeneity and 

aggregation.
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Theoretical and experimental investigations into the nature of bacterial capture 

during flow through porous media, that support and expand upon the material de

scribed in the appendices are described in chapter 2.0 PRESENT STUDY. Finally, 

chapter 3.0 SUGGESTIONS FOR FUTURE STUDY will describe the implications 

of the research and provide suggestions for future study.
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2.0 PRESENT STUDY

2.1 General

The material presented here is intended to support and build upon the work de

scribed in Appendices A & B, where (i) capillary electrophoresis measurements of 

electrophoretic mobility on monoclonal, mono disperse bacterial populations revealed 

multimodal behavior in electrophoretic mobility and (u) these same bacterial popu

lations exhibited a distribution in affinity for ostensibly uniform collectors. This was 

attributed to a distribution in surface charge density as evidenced by the observed 

distribution in electrophoretic mobility. Potential experimental artifacts such as en

trance effects (adsorption experiments) and peak splitting (electrophoretic mobility 

measurements) were probed and discounted. The feasibility of using a mini-column 

adsorption assay for the illumination of low-a subpopulations was examined. Extant 

colloid stability and colloid capture theories were examined in the context of explain

ing bacterial adsorption during transport through porous media. Such exercises show 

that bacterial deposition within the primary minima is unlikely. Finally, deposition 

within the secondary minima is addressed.

2.2 Materials and M ethods

2.2.1 Cultures and Preparation

Three subsurface isolates were the focus of this study. A1264 (gram-negative, motile, 

ellipsoidal with l/w  = 2.5 and an effective spherical, Stokes-Einstein radius of 0.39 

fj,m) bacterium was isolated from the Savannah River deep subsurface environment.
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The other two species were isolated from the DOE site at Oyster, Virginia. The 

Oyster isolates were GDI (gram-negative, non-motile, ellipsoidal with l/w  =  1.5 

and an Stokes-Einstein radius of 0.50 jjm) and PL2W31 (gram-positive, non-motile, 

ellipsoidal with l/w  =  2.5 and an Stokes-Einstein radius of 0.44 /mi). Except where 

noted, cultures were prepared according to the procedures outlined in the Materials 

and Methods sections located in Appendices A & B. Cultures, with a the cell density 

being approximately 109 cells/ml, were stored at -20 °C in a mixture containing 0.5 

ml glycerol and 1 ml of aqueous bacterial suspension. Stored cultures were revived in 

a test tube containing 5 ml of 10% PTYG(0.25 g/1 peptone, 0.25 g/1 tryptone, 0.50 

g/1 yeast extract, 0.6 g/1 MgS04 • 7H20 , 0.07 g/1 CaCLj • 2H20).

2.2.2 M ARK Assay

Cell densities in cultures at early stationary phase were estimated by acridine orange 

direct count (AODC; Bobbie et al, 1977). Experimental cultures were then prepared 

by inoculating 3-[N-Morpholino] propane sulfonic (MOPS) buffer (4.186 g MOPS 

acid/1, Sigma Ultra, titrated to pH = 7.0 with 1 N NaOH, conductivity 760 /iS/cm, 

ionic strength 10-2 M, filter sterilized) to produce a final concentration of 106 cells/ml. 

Typically, 20 fA were added to 100 ml of sterile buffer. All glassware was sterilized with 

an autoclave. At that point, 40 /rl of 3H-leucine (L-leucine, 157 Ci/mmol, 1 Ci/ml, 

Sigma) were added to the suspension, and the culture was placed on a orbit shaker 

table at 150 rpm for 18 hours at room temperature for label uptake. A parallel, 

non-radiolabeled flask was prepared following the same procedure (non-radioactive
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leucine, same total leucine concentration). The duplicate flask was used to estimate 

cell density by AODC after the 18 hour starvation period and to ensure that the 

suspension was monodisperse.

The transport properties were examined using the MARK (Microbe and Radiola

bel Kinesis) method (Gross et al, 1995) as amended by Albinger et al. (1994). In the 

general MARK procedure, the suspension containing radiolabeled bacteria is passed 

at approximately 1 xlO-3 m /s through a 3-ml syringe packed with 20-,um (radius) 

borosilicate glass beads (Whatman). The beads are pretreated as described by Gross 

et al. (1995). The column is then washed with MOPS buffer to eliminate residual 

radiolabel and unattached micro organisms. Retained radiolabel in MARK columns 

was a measure of cell retention. Column material is extruded and cut into approx

imately 1-mm thick slices. The slices were placed in pre-weighed scintillation vials. 

The vials were then weighed again, and the weight of the sample was used to estimate 

the actual thickness of each slice. 10 ml of scintillation cocktail (Cytoscint, ICN) was 

added to the vials which were shaken for 18 hours prior to radiolabel measurement.
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2.2.3 Resuspension Experiments

Analysis of transport calculations based on the fitted bimodal probability density 

function in attachment (described in detail in Appendix A) for bacterial species A1264 

was used to estimate where the predominant number of attached cells, from one 

subpopulation, were located in the MARK column. The MARK assay described 

above, with exceptions to follow, was used to determine the fraction of attached 

bacteria that detach. Rather than slicing the entire column into 1-mm slices, only the 

initial 2-mm and final 3-mm of the column were retained. These slices correspond to 

the estimated location of the high-a and low-a subpopulations, respectively. Retained 

radiolabel was analyzed in triplicate MARK columns to determine the number of 

attached cells. Cell extrudate was placed in scintillation vials containing 2 ml of 

either ICC2 M MOPS buffer, 10~4 M MOPS buffer (created by diluting the 10-2 M 

MOPS buffer with Milli-Q water) or a 2 % (w./v.) sodium pyrophosphate (NaPP) 

solution. NaPP has been shown to dislodge bacterial cells in soils when used in 

conjunction with rapid aggitation (Trevors and Cook, 1992). The number of detached 

cells was determined by analyzing 1 ml of supernate after shaking the sample for: 30s 

by vortexing, 1 hr by rotating slowly, or 18 hrs by rotating slowly. At least three 

columns were analyzed for any supernate/mixing combination.

2.2.4 Isoelectric Point Measurements

Solutions containing 4.186 g/1 MOPS free acid (resulting in an ionic strength of IQ-2 

M at pH = 7.0) were adjusted to pH 2 and 3 by the addition of HC1 and to pH
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5 and 7 by the addition of NaOH. When necessary, NaCl was added to bring the 

final ionic strength of the solutions to 10-2 M. Cultures of stationary phase bacteria 

were washed and resuspended in the various pH solutions according to the procedure 

outlined in the Materials and Methods section of Appendix B. Note, solutions are well 

buffered at low pH and near the pKa of the buffer, which for MOPS buffer is 7.2). 

So, since only the pH 2 and 7 solutions were well buffered, pH was measured prior to 

measuring electrophoretic mobilities. Electrophoretic mobilities were measured with 

a Lazer Zee Meter Model 501 (PenKem, Inc.) according to the instruction manual. 

Measurements were repeated at least 5 times.

2.2.5 Contact Angle Measurements

Cultures of stationary phase bacteria were washed and resuspended in the 10~2 M 

MOPS buffer according to the procedure outlined in the Materials and Methods sec

tion of Appendix B. Contact angles were measured following a procedure developed 

by Busscher et al. (1984) and van der Mei et al. (1987). In general, cells were de

posited onto a polycarbonate membrane filter (pore diameter 0.20 /ma; Nuclepore) by 

vacuum filtration. The volume of suspension filtered was chosen to give a cell density 

on the filter of 108 cells/mm2. The filters containing the bacteria were then placed 

on a petri dish containing 1% agar with 10% (v./v.) glycerol to preserve moisture 

content for up to 4 hours. The filters were placed on a microscope slide and air dried 

for 30 min prior to measurement in order to obtain a stable contact angle (Buss

cher et al., 1984). The filters were attached to the slide with double sided adhesive
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tape to prevent curling. Forward and reverse contact angles were measured at room 

temperature with a goniometer employing the sessile drop technique. Milli-Q water, 

formamide, methylene iodide and a-bromonaphthalene were used as wetting agents. 

Measurements were made on at least three filters per wetting agent for each species 

tested.

2.2.6 Isolation Experiments

The capillary electrophoresis protocol for measuring electrophoretic mobilities of par

ticles of biological interest, described in detail in Appendix B, was modified for the 

isolation and capture of particles with distinct electrophoretic modes. Isolation ex

periments were conducted in capillaries with a total length of 77 cm to maximize the 

separation between electrophoretic modes. A preliminary separation of the sample, 

in the absence of a neutral marker, was used to verify that multiple electrophoretic 

modes existed and to establish the electrophoretic velocity of the particles. The cap

illary was then sterilized by rinsing with methanol for 2 min. The standard, single 

5-ml outlet buffer vial was replaced with a series of 500-/A outlet buffer vials.The 

software method that controls the inlet and outlet vial positioning during separation 

and rinsing was modified to collect fractions of the effluent. This was accomplished by 

rotating the 500-//1 outlet vials at times determined from the electrophoretic velocity 

(calculated with data from a subsequent separation) and column geometry to capture 

particles contained with the individual electrophoretic modes.

The relatively low detection (approx. 108 cells/ml) and size of the sample in
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jected (approx. 104 cells were injected in a 25 nl sample) coupled with the low cell 

density in the captured fractions (approximately 5 nl of solution was captured per 

fraction with an estimated cell density of 107 cells/ml, based on analysis of mobility 

histograms; assuming capture of all injected cells) precluded direct measurement of 

electrophoretic mobility on the captured cells. Furthermore, the low cell density and 

sample size of the captured fractions made concentration by standard means, centrifu

gation for example, unlikely. The captured fractions were serially diluted (to achieve 

plates with individual colonies and to estimate the number of viable cells recovered) 

and were spread plated onto 1% agar plates containing 10% PTYG and grown at 

room temperature overnight. The spread plates also provided contamination control; 

as colony morphology could be checked to ensure culture purity after separation by 

capillary electrophoresis. Cultures were then grown from individual colonies for char

acterization by capillary electrophoresis; representing new populations derived from 

the distinct electrophoretic modes (subpopulations). The separated subpopulations 

were stored on plates and as freezer stocks, containing 0.5 ml glycerol and 1 ml of 

aqueous bacterial suspension.

2.2.7 Determination of Classical and Extended DLVO Parameters

In all of the interaction energy calculations, the surface potentials T in Eqn (1.7) 

have been approximated with {-potentials. The {-potential is calculated from elec

trophoretic mobility data using the Smoluchowski equation (Russel et al, 1989)

z //M
66(3

(2 .1)
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where M  is the electrophoretic mobility. Equation (2.1) is valid provided that

ghmaxeCb/fceTly^ <  (2.2)

where e is the fundamental charge on a proton and zmax is the highest valence of the 

counterions in solution (Hunter, 1993).

The Hamaker constant A and the acid-base Gibbs energy at a distance of closest 

approach A G ^ were calculated from contact angle data and surface free energies as 

outlined in Meinders et al. (1995). The authors adopted the approach of Van Oss 

(1993), who separates surface free energy, 7, into Liftshitz-van der Waals, 7lw, and 

acid-base, 7ab, components,

7 =  7lw +  7ab- (2.3)

The acid-base surface free energy can be expressed in terms of the electron-accepting 

and electron-donating surface free energies, 7+ and 7“ , respectively, viz.

7ab =  21/7+7-. (2.4)

Contact angles, 9, generated with wetting agents of known surface free energies, 

Liftshitz-van der Waals free energies, and electron-accepting and electron-donating 

free energies (cf. Table 2.1) were used to estimate the surface free energies of the 

bacteria and collector surfaces.

7,(1 + cos e) = z /rip r +  z / T f  +  (2.5)
j =  s>

where the subscripts 1, b, and s refer to the wetting agent (liquid), bacterial and

collector surfaces, respectively.
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Table 2.1: Surface free energies of the wetting agents used for contact angle determi
nations (Van Oss et a/.,1989; HoZysz,1998).

Wetting agent 7
m J/m 2

y w
m J/m 2

7+
m J/m 2

7
m J/m 2

Water 72.8 21.8 25.5 25.5
Methylene Iodide 50.8 50.8 0.0 0.0

a-bromonaphthalene 44.4 43.6 0.4 0.4
Formamide 58.0 39.0 2.28 39.6

With the surface free energies and their components, the Liftshitz-van der Waals 

and acid-base Gibbs free energies at a distance of closest approach were calculated.

AG£ = 2 ( \ / V  -  VtF )  (V tI" -  / T )  . (2.6)

and

AGyS = ( J k  + Vt^ - V tt) +2/fT  {yfrt + Vt? -V V )

(2.7)

The Hamaker constant was then calculated from A Gy” , viz.

A = 127ry02AG ^. (2.8)

2.3 Results and Discussion

In Appendix A modified-MARK results and electropherograms (generated during the 

measurement of electrophoretic mobility using capillary electrophoresis) for bacterial 

strains A1264 and GDI are presented and discussed. Both of these strains exhibited 

depth-dependent adsorption during transport through a uniform porous media (cf.
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Fig A.l) and bimodal behavior in electrophoretic mobility (cf. Figs A.2 & A.3). Col

loid filtration theory was modified to include probability density functions (pdf) in 

a and an empirical pdf comprised of two dirac delta functions provided the best fit 

to the experimental adsorption data for both strains. Such a pdf could be explained 

by the presence of subpopulations with finite adsorption coefficients, i.e. a subpop

ulation with high-a and another with low-a. Attempts to link the empirically fit 

subpopulation collision efficiencies ( cks) with those calculated using extant theoretical 

expressions based on the physicochemical parameters of the system (ionic strength, 

("-potentials of the subpopulations, and the Hamaker constant A) were unsuccessful 

(see Table A.5). The discrepancy between measured and theoretical collision effi

ciencies was consistent with other recent colloidal deposition studies (Elimelech & 

O’Melia, 1990a and b; Elimelech, 1992; Hahn,1995). Moreover, the fractional size of 

the high-o; subpopulations determined by the empirical bimodal-a fit (see Table A.l) 

and from the peak areas on the electropherograms (see Table A.3) were consistent. 

For A1264 the comparison was straight forward, i.e. the fraction of cells character

ized by the high-a was similar to the fraction with the highest ("-potential. Yet for 

GDI, the small (0.02) high-a subpopulation from the bimodal fit corresponded to a 

cell number that was below the detection limit of the capillary electrophoresis device. 

This fact, coupled with the similar (-potentials of the subpopulations, implies that 

the subpopulations observed by capillary electrophoresis were both actually low-a 

subpopulations.
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2.3.1 Low-o; Criterion

The experiments with A1264 and GDI show that a standard length (ca. 1 cm) 

modified-MARK column can be used to identify subpopulations of differing affinity 

for the surfaces of the collector that comprise the porous media. Provided that 

one of the subpopulations is relatively sticky and the other is not (ohigh/oziow 

1). However, analysis of the adsorption and electrophoretic mobility data for GDI 

suggests that a 1-cm modified-MARK column is not of sufficient length to detect 

two relatively nonsticky subpopulations. An obvious question to ask is: how long 

must a modified-MARK column be if one was interested in determining the collision 

efficiency of two low-o: subpopulations, for example the subpopulations observed in 

the GDI electropherogram?

Given that the bimodal fit to the 1-cm modified MARK experiment resulted in 

an aiow = 3.3 x 10-3, the a of the second nonsticky subpopulation can be at most 

3.3 x 10-3 and is likely even lower. The rational for this constraint on a  is preferential 

retention in the MARK column, i.e. cells with higher a  are removed first. Now con

sider, two subpopulations present initially in equal cell numbers have ozs of 10-3 and 

10-4 and that all of the properties of the porous media (collector size, flowrate, etc.) 

remain the same as for the GDI experiments in the 1-cm MARK columns. Then, one 

would need a column roughly 10 m in length to fully determine the collision efficien

cies of the two subpopulations (prediction based on analysis of Eqn (A.3)). Such an 

exercise is frivolous in terms of designing a laboratory scale system for determining
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the collision efficiencies of low-o: subpopulations, but it proves extremely useful in 

establishing a criterion for the minimum length necessary to discern the nonsticky 

subpopulations. One such criteria is any length greater than the length where the 

removal rate (with respect to position) of the two subpopulations are equal. See for 

example Fig (2.1), where for the sake of generalization the length criterion has been 

expressed in terms of the Affia, which accounts for length, and physical properties of 

the porous media (such as flowrate and collector size).

2.3.2 Isolation Experiment

The capillary electrophoresis protocol for measuring electrophoretic mobilities was 

modified for the capture of cells characterized by the electrophoretic modes observed 

in the GDI electropherograms. GDI was chosen as the test strain for the isolation 

experiments because it consistently exhibits two strong electrophoretic modes (cf. 

Figs A.3 and B.2b). Furthermore, in a 77-cm long capillary the modes are well 

separated (the separation time is typically 1-2 minutes) and the detector frequently 

returns to its baseline reading between the modes. The collected fractions were serially 

diluted and spread on a 10 % PTYG agar plate. Serial dilutions and plating allowed 

cultures to be started from single colonies and provided a measure of contamination 

control via colony morphology. The captured cells from both electrophoretic modes 

appeared,on the plates and under direct visual observation with a light microscope 

after preparing the suspensions for mobility measurements, to be normal, healthy

GDI cells.
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2 5 0 0

Figure 2.1: Semi-logio plot of dimensionless concentration versus 7VDa for a bacterial 
population comprised of two low-a subpopulations (/i0wi =  / io w 2  =  0.50, aiowi = 
10_3,a iOW2 = 10“4). yVDa of greater than roughly 1300 is required to discern the
presence of the two subpopulations. Legend: ---------dimensionless concentration of
total population (equal to the sum of the subpopulation concentrations);-----------,
removal rate of the subpopulation characterized by cqowi; -----------, removal rate of
the subpopulation characterized by 0 ^ 2  -
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Cells cultured from the plates, corresponding to both electrophoretic modes, 

within 1 week of isolation (as soon as possible due to the experimental protocol) exhib

ited unimodal electrophoretic behavior. However, a positive control (electrophoretic 

mobility measurement on the original population), was not conducted simultaneously. 

While the the possibility of instrument error exists, the system behaved as expected 

both electrically (determined by readings of the current across the capillary) and in 

terms of the electro osmosis flowrate. When the experiment was repeated with positive 

control, both cells cultured from the first mode of the original and the positive control 

(original GDI) exhibited two electrophoretic modes. In each case the electrophoretic 

mobilities of the two modes agreed with previously published values for GDI (see Ap

pendix B). The results of these experiments are summarized in Table (2.2). A slow 

genetic mutation occurring on the plates could explain the transition from unimodal 

to bimodal populations.

2.3.3 M ARK Assay of a Unimodal Bacterium

According to colloid filtration theory, a semilogio plot of c/c0 versus position should 

result in a straight line (with a slope proportional to the collision efficiency a; see 

Eqn (1.19)) for bacterial populations characterized by a single, homogeneous a. Since 

electrostatic interactions mediate bacterial adsorption to glass (van Loosdrecht, 1990; 

Meinders et al, 1995), it is expected that a bacterial strain with a single elec

trophoretic peak would adsorp to glass in a manner consistent with colloid filtra

tion theory. Modified-MARK experiments, under conditions (20-/zm radius borosili-
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Table 2.2: Electrophoretic mobilities M  of GDI before and after capture of the elec
trophoretic modes. The number list parenthetically is the number of times the mea
surement was taken.

Sample M\ (/im/Vs) M2 (/mi/Vs)

Population average —2.25 ±  0.07(18) —2.62 ±  0.11(18) 

Original* -2.40 ±  0.08(3) -2.69 ±  0.18(3)

immediate isolate^ —2.44 ±  0.06(3) * —2.55 ±  0.07(3) § 

Long term isolate  ̂ —2.35 ±  0.05(3) * —2.77 ±  0.13(3) * 

Control I -2.34 ±0.04(3) -2.69 ±  0.05(3) * * * §

* The large standard deviation of the second mode is likely due to interruptions in 
the applied electric field during outlet vial rotation -  necessary for the collection of 
fractions.

f Samples from cultures grown from the spread plates within a week of the original 
fraction collection.

t Cultured from spread plates made with cells from fractions pertaining to the first 
electrophoretic mode.

§ Cultured from spread plates made with cells from fractions pertaining to the second 
electrophoretic mode.

 ̂ Samples from cultures grown approximately four months after the original separa
tion.
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cate glass collectors, ionic strength and composition, pH) that were consistent with 

those described in Appendix A, were conducted with bacterial strain PL2W31 (cf. 

Fig (2.2)), which is unimodal in electrophoretic mobility (see Fig B.2c). It is evident 

from Fig (2.2) that PL2W31 adsorption is nonlinear on a plot of semilogio plot of 

c/c0 versus position. Possible explanations include: (i) the presence of a small sub

population of high-a cells, whose cell numbers were below the detection limit of the 

capillary electrophoresis device ( the postulated explanation for the depth-dependent 

adsorption behavior of strain GDI) and (u) entrance effects. The data in Fig (2.2) 

were fit with the bimodal-o: pdf (fitting procedure described in detail in Appendix 

A); 2% of the population has a high a  (c%igh =  0.65) while the remainder of the cells 

have cciow =  9 x 10”4. As with GDI, the fraction of cells possessing a high-a corre

sponds to an injected cell number that is below the detection limit of the capillary 

electrophoresis device.

2.3.4 Entrance Effects

Setting aside the rather obvious and fundamental differences between a uniform cylin

der and a porous media where the pore size varies spatially, entrance effects in the 

MARK columns were addressed by considering Taylor-Aris dispersion with reaction 

in a circular cylinder. In classical Taylor-Aris dispersion (Taylor, 1953; Taylor, 1954; 

Aris, 1956), a sample is injected into a cylindrical tube and eluted past a detector. 

Provided that the particles have enough time to sample all of the possible locations 

within the circular cylinder a Gaussian profile is achieved and particle transport within
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Figure 2.2: Comparison of MARK experiments on bacterial retention with bimodal 
a-distribution described in detail in Appendix A. Semi-logi0 plots of c/c0 versus 
x for PL2W31 on 20-/mi (radius) glass beads in the 10-2 M MOPS buffer with 
theoretical fit. Column length L = 1 cm. The error bars are two standard deviations
wide. Legend: o, experimental data p o in t;--------- , bimodal distribution (/high =
0.02, (Thigh = 0.65, (Tiow = 9 x 10-4).

I
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the cylinder can be modeled with the macroscopic particle continuum convective dis

persion equation (Eqn 1.11 with R = 0). Taylor-Aris theory can be amended to 

include solute removal at the cylinder wall by inclusion of a first-order reaction term 

(Eqn 1.11; Brenner and Edwards, 1993). Alizadeh et al. (1980) and Brenner (1990) 

state that classical Taylor-Aris theory may be applied provided the dimensionless 

retention time, r, is large, viz.,

r  =  —It »  1. (2.9)

where D is the particle diffusivity (the Stokes-Einstein diffusivity), t-R. is mean resi

dence time of a particle in the tube, and a is tube radius. At “short” times, when 

Inequality (2.9) is not satisfied, particles introduced near the cylinder wall have a 

higher probability of removal from suspension by reacting with the wall than those 

that are introduced farther from the wall. In such a case, use of the macroscopic 

Eqn (1.11) is not valid unless the initial particle distribution is accounted for. In the 

convection dominated MARK experiment, % =  L /U ^  and the cylinder radius a can 

be approximated by the pore throat radius, which for a porous media comprised of 

spherical collectors is estimated by a =  0.154ac (Berg, 1975). If one assumes that the 

1-cm long MARK column is a circular cylinder, then r  =  4 x 10-1 and the “short” 

time behavior must be considered.

Sankarasubramanian et al. (1973) and De Gance and Johns (1978a and b) ad

dressed the issue of “short” time Taylor-Aris dispersion with a first-order reaction 

occurring on the cylinder wall for a variety of initial solute distributions. The removal
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rate was found to be a function of the initial solute distribution, the dimensionless 

residence time, and the dimensionless reaction rate. The removal rate was enhanced 

for “short” residence times, relative to the asymptotic removal rate, when the solute 

was introduced either uniformly across the cylinder or in a concentric ring located 

adjacent to cylinder wall. When the solute was initially located near the centerline of 

the cylinder the removal rate was decreased. The asymptotic or “long” time removal 

rate was reached for values of r  > 3 x 10-1 regardless of the initial solute distribu

tion and dimensionless reaction rate coefficient. It is evident from examination of 

the modified-MARK results for the bacteria studied here (Figs A.l and 2.2) that the 

removal rate is enhanced for approximately 0.5 cm; this corresponds to r  =  2 x 10-1. 

While the “short” time Taylor-Aris theory with reaction predicts enhanced particle 

removal at this r, the value is very close to the point at which the “long” time removal 

is expected. Therefore it is highly unlikely that the orders of magnitude differences 

in a observed in the modified MARK experiments were due to entrance effects.

2.3.5 Determination of Classical and Extended DLVO Parameters

Owing to the sensitivity of classical DLVO energies and colloid capture theory to 

variations in the Hamaker constant A (see for example Table A.5), contact angle 

measurements were conducted with the intent of determining the bacterial-glass As 

specific to the bacteria in this study. Contact angle measurements are not only useful 

in determining A, but they also provide a means to determine the acid-base Gibbs 

free energy at contact, which is necessary for the calculation of extended DLVO inter-



Table 2.3: Contact angles (in Degrees) of various wetting agents on bacterial and 
collector surfaces. The number listed parenthetically with the standard deviation 
indicates the number of times the measurement was taken.

Surface ^MQ—water bromonaphthalene ^Formamide ^Methylenelodide

A1264 17.0 ±3.5(6) 32.3 ±3.9(8) 23.7 ±2.9(6) 38.7±  3.8(6)

GDI 19.4 ±2.6(6) 42.0 ±3.5(6) 33.3 ±3.0(6) 53.7 ±8.3(6)

PL2W31 21.0 ±1.3(6) 31.0 ±5.3(8) 33.7 ±2.4(6) 36.6 ±6.3(8)

Glass* 0.0 ±2.0 22.0 ±2.0 11.0 ±2.0 40.0 ±2.0

* Data taken from literature (Meinders et at, 1995).

actions energies. To prevent the filters from curling as they dried, they were fastened 

to a microscope slide with double sided adhesive tape. Preliminary measurements 

showed that the adhesive tape had no effect on bacterial contact angles. The results 

are summarized in Table (2.3).

The Liftshitz-van der Waals surface free energy for the bacterial and collector 

surfaces was taken to be the average of the values generated with methylene iodide and 

cc-bromonaphthalene contact angles (Meinders et al., 1995). The electron-accepting 

and electron-donating surface free energies were then estimated from the calculated 

Liftshitz-van der Waals surface free energy and water and formamide contact angle 

data. With the experimentally determined surface free energies of the bacterial and 

glass surfaces, the Liftshitz-van der Waals and acid-base Gibbs energies at a distance 

of closest approach (contact) were calculated using Eqns (2.6) and (2.7), respectively 

(cf. Table 2.4).
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Table 2.4: Liftshitz-van der Waals and acid-base Gibbs energies at a distance of 
closest approach (contact) between bacterial and glass surfaces

Bacterial Strain AG‘' AG??
m J/m 2 m J/m 2

A1264 5.3 46.0

GDI 3.6 48.5

PL2W31 5.5 49.8

Electrophoretic mobilities measured by capillary electrophoresis (bacteria) and mi

croelectrophoresis (glass collectors) were converted into ^-potentials with Eqn (2.1). 

In all cases, Inequality (2.2) was satisfied. Therefore use of Eqn (2.1) was validated. 

The capillary electrophoresis technique for measuring electrophoretic mobilities is 

discussed in detail in Appendix B. Owing to the size and density of the glass bead 

collectors mobility measurements by the capillary electrophoresis technique were not 

feasible. Since the aspect ratio, glass bead collector to capillary radii, is 0(1), mobility 

measurements would be affected by hydrodynamic interactions (Keh and Anderson, 

1985). Furthermore, the glass bead collectors are not neutrally buoyant, meaning that 

during the course of a mobility measurement the likelihood of sedimentary buildup 

and occlusion in the capillary is high. Therefore, micro electrophoresis was used in

stead. The microelectrophoresis procedure is described in detail in Appendix B. In 

a micro electrophoresis device, the size of the detection chamber is large compared 

to the size of the beads and the detection time is small (due to a narrow detection
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window) so that the measurement could be made before the particles settled.

The parameters necessary for the calculation of classical and extended DLVO 

interaction energies are summarized in Table (2.5). For the purpose of calculating the 

classical DLVO interaction energy, was converted into the Hamaker constant

with Eqn (2.8). It should be noted that the values of A  for interactions between 

the test bacterium and a glass collector fall within the range of values previously 

published (Nir, 1976) and that the values of A Gy™ and AGyj) agree with reported 

values (Meinders et al, 1995).

2.3.6 Classical DLVO Interactions

Figs (2.3 - 2.5) show the classical DLVO interaction energy between a bacterium 

and a spherical, borosilicate glass collector in 10~2 M MOPS buffer (pH 7.02) for 

strains A1264, GDI, and PL2W31, respectively. DLVO profiles were generated with 

Eqns (1.2, 1.7, & 1.9). For the sake of clarity, the salient features of the classical 

DLVO profiles have be summarized in Table (2.6).

The classical DLVO profiles of the three test bacteria are characterized by a high 

primary energy barrier; G(102) k^T  for both subpopulations of A1264 and GDI and 

0(10) k^T  for PL2W31. Since the energy of motion (due to thermal motion or 

motility) for bacteria is typically 0(1) k&T (Marshall et al, 1971; van Loosdrecht 

et al, 1989), the energy barriers encountered here are seemingly insurmountable. 

Therefore deposition within the primary energy well is highly unlikely, especially 

in the case of A1264 and GDI. The energy profiles of each of the test bacterium
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Table 2.5: Relevant parameters for the calculation of classical and extended DLVO 
profiles between a spherical bacterium and a spherical borosilicate glass collector in

M MOPS buffer (pH = 7.02.)

Bacterial Strain a* (l ( |
jum mV mV

At
J xlO21

AG% t
m J/m 2

A1264 0.39 -20.87 -32.57 4.94 46.00

GDI 0.50 -31.72 -36.94 3.37 48.50

PL2W31 0.44 -7.20 — 5.11 49.80

Glass 20 -37.58 — N/A N/A

* The radius of the bacteria is an effective Stokes-Einstein spherical radius. The 
radius of the glass bead collector was determined and reported by the manufacturer.

1 The ("-potentials of the bacteria were determined from capillary electrophoresis 
measurements of the electrophoretic mobility; a microelectrophoresis device was used 
to measure the mobility of the glass collector. The subscripts 1 and 2 refer to the 
("-potentials of the subpopulations detected with capillary electrophoresis. Only (x is 
reported for PL2W31 because no electrophoretic subpopulations were detected.

tA and Were calculated using the theory outlined in Meinders et al (1995)
for interactions between bacterial and glass surfaces; there is no entry for glass since 
glass-glass interactions were not of interest.
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Figure 2.3: Dimensionless classical DLVO interaction energy Vdlvo as a function of 
dimensionless surface-to-surface separation distance between bacterium A1264 
and a glass collector in 1()~2 M MOPS buffer (pH 7.02). Rescaled in the insert to 
show presence of secondary minima. Legend:--------- interaction energy for the sub
population with C = —32.57 m V ;---------- , interaction energy for the subpopulation
with C =  —20.87 mV.
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Figure 2.4: Dimensionless classical DLVO interaction energy Volvo as a function of 
dimensionless surface-to-surface separation distance kHq between bacterium GDI and 
a glass collector in 10~2 M MOPS buffer (pH 7.02). Rescaled in the insert to show 
presence of secondary minima. Legend:--------- interaction energy for the subpopu
lation with ( = —36.94 m V ;---------- , interaction energy for the subpopulation with
C = -31.72 mV.
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Figure 2.5: Dimensionless classical DLVO interaction energy Volvo as a function of 
dimensionless surface-to-surface separation distance between bacterium PL2W31 
and a glass collector in 10~2 M MOPS buffer (pH =  7.02). Rescaled in the insert to 
show presence of secondary minima.
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Table 2.6: Dimensionless size and location of the primary and secondary minima for 
bacterial/glass* interactions in 10-2 M MOPS buffer (pH =  7.02) as determined by 
classical DLVO theories.

Strain K/lmax Vmax/ k g T  tvh2°xnm

A1264

II -20.87 mV 0.39 240.4 7.2 —3.1

II -32.57 mV 0.24 487.6 7.8 -2 .9
GDI

C i = —31.72 mV 0.20 648.9 8.3 -2 .4

II —36.94 mV 0.18 787.0 8.5 -2 .3
PL2W31

c  = -7.20 mV 1.26 22.1 5.6 -4 .4

* The ^-potential of the 20-pm radius borosilicate glass collectors used in this study 
was determined to be —37.58 mV.

t Ci and C2 are the C-potentials of the 1st and 2nd subpopulations as detected during 
capillary electrophoresis measurements of electrophoretic mobility.



73

(including any respective subpopulations) exhibit a secondary energy well that is a 

few k^T  deep. Such wells appear to be of sufficient depth to capture bacteria, at least 

temporarily.

2.3.7 Mobile Surface Groups

In order for capture to occur in the primary energy well the calculation of interaction 

energy, as it appears classical DLVO theory, must be erroneous as applied to bacterial 

capture. In the MARK experiments increasing the post-rinse volume (used to remove 

unattached cells prior to slicing) had no effect on the number retained cells, suggesting 

very slow desorption or irreversible attachment. Such behavior could be explained 

by capture in the primary minimum -  which would only be possible if the primary 

energy barrier was only a few k^T. Possible explanations for an inaccurate picture 

of the primary energy barrier are: electrostatic interaction energy calculations based 

on poor description of the actual bacterial surface or non-DLVO forces, particularly 

those included in extended DLVO theory.

When the electrophoretic mobility of a colloidal particle is measured the value 

obtained is a measure of the net surface charge density. As the bacterial cell surface 

is comprised of a myriad of amphoteric moieties (Hammond et al, 1984), formula

tions of the electrostatic interaction energy that do not account for the complexity 

of the surface may be inaccurate. Most bacteria are negatively charged in the phys

iological pH range (Harden and Harris, 1953) and experimental techniques, such as 

two-dimensional gel electrophoresis (O’Farrell, 1975), have shown that the isoelectric
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point (pi) of the majority of cell surface proteins lies in the range of pH 4 to 7 (Vurma- 

Rapp et al, 1990; Butz et al., 1993; Thomas and Trust, 1995; Moroni et al, 1996; 

Link et al, 1997a and b). However, positively charged moieties exist. For instance, 

outer membrane proteins have been identified with isoelectric points around 10 (Mar

tin et al, 1997; Turner el al, 1997). Not only are these macromolecules present, but 

they are known to migrate within the cell membrane in response to an electric field 

(Jaffe, 1977; Poo et al, 1979; Poo, 1981).

Now, suppose that the surfaces of the test bacteria contain entities which were 

positively charged at the conditions of the MARK test (described here) and free to 

move about the cell membrane. As the bacterium approached the collector surface, 

the electric field generated by the surface charge of the (negatively charged) collector 

might cause any positively charged groups within the membrane to migrate to the 

point on the cell in nearest proximity to the collector. Furthermore, any mobile 

negatively charged groups would tend to move away from the collector. Resulting in 

a bacterium whose surface potential appears higher (less negative) upon approach. 

In such a case, the primary energy barrier might be significantly reduced. To test the 

feasibility of such a model, the isoelectric points of the test bacteria were measured 

(cf. Fig 2.6), holding all variables other than the pH constant. Only A1264 exhibited 

a pi greater than 2, and even then the pi was only 2.3. The extremely low pis 

of the test bacteria indicates that even if their cell surfaces contained entities with 

isoelectric points above the neutral pH range, they exist in very small quantities. It
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is therefore extremely unlikely that the primary energy barrier is erroneous due to 

mobile positively charged surface groups.

As an aside, further significance can be attached to the pi measurements in terms 

of the distributions in electrophoretic mobility observed with A1264 and GDI. Er

makov et al (1994) established, both experimentally and theoretically, that artificial 

peak splitting may occur during capillary electrophoresis if the buffering solution is 

within at least 1 pH unit of the particle isoelectric point. Since the isoelectric points 

of both A1264 and GDI are well below pH 7, the pH of the capillary electrophoresis 

experiments, artifactual peak splitting is an unlikely source for observed multimodal 

mobilities.

2.3.8 Extended DLVO

A second possibility for amending the interaction energy calculation is the extension of 

DLVO theory to include hydrophobic interactions. Figs (2.7 - 2.9) show the extended 

DLVO interaction energy profiles under the same conditions for strains A1264, GDI, 

and PL2W31, respectively. Extended DLVO profiles were generated with Eqns (1.3, 

1.7, 1.9, 1.10). Again, Table (2.7) is used to highlight the important features of the 

interaction energy profiles, which in this case are from extended DLVO theory.

When extended DLVO interactions are considered, the primary energy barrier 

swells to O(103) ksT  for all the strains and any respective subpopulations. Not only 

is the primary energy well inaccessable, but the extremely close proximity of the 

barrier to the collector surface virtually eliminates its presence. It is important to
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Figure 2.6: Bacterial electrophoretic mobility as a function of pH. Measurements were 
made in 10-2 MOPS; pH adjusted by the addition of HC1 or NaOH. The error bars 
are two standard deviations wide. Legend: •, A1264; o, GDI; □, PL2W31
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Figure 2.7: Dimensionless extended DLVO interaction energy VexDlvo as a function 
of dimensionless surface-to-surface separation distance ac/ /0 between bacterium A1264 
and a glass collector in 1CD2 M MOPS buffer (pH =  7.02). Rescaled in the insert to
show presence of secondary minima. Legend: -------- - interaction energy for the sub-
population with (" =  —32.57 m V ;---------- , interaction energy for the subpopulation
with (" =  —20.87 mV.
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Figure 2.8: Dimensionless extended DLVO interaction energy FexDLVo as a function 
of dimensionless surface-to-surface separation distance kHq between bacterium GDI 
and a glass collector in 10~2 M MOPS buffer (pH =  7.02). Rescaled in the insert to 
show presence of secondary minima. Legend:--------- interaction energy for the sub
population with (  = —36.94 m V ;------ —, interaction energy for the subpopulation
with (  =  —31.72 mV.
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Figure 2.9: Dimensionless extended DLVO interaction energy VexDlvo as a function of 
dimensionless surface-to-surface separation distance kHq between bacterium PL2W31 
and a glass collector in 1()-2 M MOPS buffer (pH =  7.02). Rescaled in the insert to 
show presence of secondary minima.
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Table 2.7: Dimensionless size and location of the primary and secondary minima for 
bacterial/glass* interactions in 10-2 M MOPS buffer (pH =  7.02) as determined by 
extended DLVO theories.

Strain ^ ^ m a x 1K n a x /^ B ^ n ^ ^ 2 ° min P20min/&BT

A1264
(1 = -20.87 mV 0.05 4116.7 7.2 —3.1

II -32.57 mV 0.04 4500.0 7.8 -2 .9
GDI

d  = -31.72 mV 0.02 6311.0 8.3 -2 .4

iiCN —36.94 mV 0.03 6481.0 8.5 -2 .3
PL2W31

c = -7.20 mV 0.05 4334.0 5.6 -4 .4

* The ^-potential of the 20-yitm radius borosilicate glass collectors used in this study 
was determined to be —37.58 mV.

t Ci and Cz are the C-potentials of the 1st and 2nd subpopulations as detected during 
capillary electrophoresis measurements of electrophoretic mobility.
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note that neither the depth nor the location of the secondary energy well is affected 

by the inclusion of hydrophobic interactions.

2.3.9 Capture in the Secondary Minima

Further, evidence against capture in the primary energy well and for deposition in the 

secondary minimum is found with the stability diagram of Spielman and Cukor (1973). 

Table (2.8) contains values of the dimensionless parameters, a^K, iVA and ATR, for the 

test bacterium (and their electrophoretic subpopulations) necessary for determining 

the capture mechanism with the stability diagram (see for example Fig (1.4). Of 

interest is that the capture mechanism for all of the test cases is deposition within 

the s econdary minimum.

Capture in the primary minimum is irreversible, while capture in the secondary 

minimum is revisable. Bacteria who have been captured within the secondary mini

mum may eventually becoming irreversibly attached to the collector if conditions are 

such that they are able to form macromolecular holdfasts before returning to sus

pension. Cells may return to the bulk suspension if: they possess enough energy to 

overcome secondary minima (possible if the secondary minimum is shallow), there 

is a change in ionic composition or strength (diffuse double layer expansion), or by 

shear induced motion. To probe the capture mechanism of A1264 cells, attached 

cells were subjected to a variety of conditions (chemical treatment, high agitation or 

shear, decreased ionic strength, and combinations) designed to resuspend reversibly 

attached cells. Sections of MARK columns were chosen so that the attached cells were
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Table 2.8: Capture of bacteria by a spherical collector according to the stability 
diagram of Spielman and Cukor (1973). Stability diagram dimensionless IVr , 
and Nx parameters and the capture mechanism are highlighted.

Strain a^K * N-& Nx * Capture mechanism

A1264

II -20.87 mV 129 4.1 x 102 2.6 x 10° 2°min

11
"X5> -32.57 mV 129 6.5 x 102 2.6 x 10° 2° min

c m
Ci = -31.72 mV 165 1.2 x 103 6.6 x 10-1 2°min

II —36.94 mV 165 1.4 x 103 6.6 x 10-1 2° min
PL2W31

c  = —7.20 mV 145 1.6 x 102 1.7 x 10° 2°min

* Values are independent of ((-potential, which is the only parameter that exhibited 
distributed values with the techniques employed in this study. Therefore, the 
values reported for A1264 and GDI are assumed valid for entire population (both 
subpopulations).

t Ci and C2 are the C-potentials of the 1st and 2nd subpopulations as detected during 
capillary electrophoresis measurements of electrophoretic mobility.
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primarily high-a or low-a cells, based on transport predictions utilizing the bimodal 

a  fit described in Appendix A.

At least 90 % of all attached bacteria were resuspended by rapid agitation (vor- 

texing), regardless of the suspending media. Rapid agitation coupled with decreasing 

the ionic strength (from 10~2 M during the attachment phase of the experiment) to 

10-5 had the greatest effect, with 97 % of the cells detaching from the collectors. 

In general, the low-o; cells showed a higher propensity for detachment, but even in 

the worst case (high-o; cells, slow agitation without changing the solution chemistry 

from the attachment step) 60 % of the cells detached. Overall, the increase in cell 

resuspension with decreasing ionic strength was not as pronounced as expected. This 

is likely due to an increase in ionic strength, caused by equilibration with the atmo

sphere during the course of the experiments.These results are not unexpected, as the 

secondary minimas for both subpopulations are relatively shallow (only a few ksT  

deep), with the secondary minima of the high-a subpopulation even more so.

In Table (2.10) collision efficiencies determined experimentally from colloid re

tention data are compared with theoretical as based on the physicochemical system 

parameters. As expected, as calculated based on capture in the primary minima 

are vanishingly small, even when classical DLVO theory is used. If extended DLVO 

theory is used no capture is predicted, i.e. a  =  0. Collision efficiencies, based on 

capture in the secondary minima, calculated with the heuristic expression (Eqn 1.24) 

of Hahn (1995) are closer, but they overpredict the experimental values by at least a
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Table 2.9: Fractional resuspension of attached A1264 as a function of solution chem
istry and agitation. The number listed parenthetically with the standard deviation 
indicates the number of times the measurement was taken.

Vortex (30s) Rotate (Ihr) Rotate (18hr)

High-o.' cells* *'*'
2 % NaPP 0.91 ±  0.14(6) 0.79 ±  0.11(6) 0.83 ±  0.04(3)

10-5 M MOPS 0.90±0.04(6) 0 .67± 0.17(6) 0.63±0.02(3)

10-2 M MOPS 0.88 ±0.06(6) 0.72 ±0.12(6) 0.60 ±0.08(3)

Low-a cells*!-
2 % NaPP 0.88 ±  0.10(3) 0.94 ±  0.02(3) —

10-5 M MOPS 0.97 ±  0.01(3) 0.80 ±  0.07(3) —

* The a  was determined by fitting depth-dependent retention data with an a-pdf as 
described in Appendix A.

t Fraction of attached cells that resuspend from the initial 2 mm of a MARK column.

* Fraction of attached cells that resuspend from the final 3 mm of a MARK column.
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few orders of magnitude in most cases. The inaccuracy of Hahn’s expression is not 

surprising. The calculation is based solely on the depth of the secondary minima,i.e. 

without the hydrodynamics of the system are ignored.

It should be noted that the empirical fit to the retention data of PL2W31, as well 

as the effective collision efficiency, suggests that the majority of the cells, those in the 

single electrophoretic mode observable with capillary electrophoresis, have a low-cu. 

This is despite the fact that these cells have a higher (-potential and deeper secondary 

energy well than the cells that comprise the high-cu subpopulation of A1264. A likely 

explanation for this discrepancy is differences in cell surfaces; A1264 and GDI are 

gram-negative bacteria, while PL2VV31 is gram-positive. Furthermore, PL2W31 may 

have cellular appendages which hinder approach to the surface of the collector.

Shapiro et al. (1990) describe the formulation of apparent boundary conditions, 

that incorporate colloidal interactions within a concentration boundary layer, for 

the bulk (macroscopic) continuum colloid transport equation. The concentration 

boundary layer 5D is defined as <5d — acP e-1/3,where Pe =  [/00ac/.D00 (Levich, 1962). 

The form of the boundary condition, for the case of deposition within the secondary 

minimum, is determined by the ratio of microscopic to macroscopic length scales 

(5 — K-1/ab) and the exponential depth of the secondary minima 

(a =  exp(— | y2omin | /ksT ). In this study 5 is 6 x 10-3 and a is approximately 

5 x 10~2, so the minima is shallow and an apparent boundary condition can not be 

formulated by matching the microscopic and macroscopic domains.



Table 2.10: Comparison of experimentally determined and theoretical cks.

Strain A1264 GDI PL2VV31
Ci = -20.87 mV Ci = -32.57 mV Ci =  -31.72 mV Ci = -36.94 mV C = -7.20 mV * * * §

0.83 1.0 x 10-2 3.3 x lO"3 * 3.3 x lO”3 * 9.0 x 10-4 *

a f 5.7 x 10-2 9.9 x lO”3 5.3 x 10-3
t§ 4 x 10-103 3 x 10-208 8 x 10-276 < lO"300 0.34

^20min w 0.95 0.94 0.91 0.90 0.99

* Analysis of electropherograms and empirical pdf for a, suggests that cells characterized with above C-potentials belong 
to the low-a subpopulation. Therefore values are ‘low-cd values from the empirical fit.

t a  is an effective a based on retention over the entire length of the MARK column.

1 Interaction energy profiles based on classical DLVO theory for interaction between a spherical bacterium and a 
spherical glass collector (C =  —37.58 mV).

§ Primary minima collision efficiency calculated with Eqn (1.21).

1 Secondary minima collision efficiency calculated with Eqn (1.24).
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Another difficulty with applying the theory of Shapiro et al. (1990) to the MARK 

test is the size of the concentration boundary layer. In the MARK test Pe =  4 x 104 

and the concentration boundary is approximately 6 x 10-7 m. Since the characteristic 

size of the bacteria is roughly the same size as the concentration boundary layer, 

it is hard to envision a bacterium escaping the effects of the bulk convective flow. 

Furthermore, the time scale for a cell to travel through the boundary layer to the 

surface is tc =  / DCXJ (which for the MARK test is 0(1)) s is comparable to the

retention time within the column (t =  L/U qo =  0(10) s). This means that the 

bacteria do not necessarily have a sufficient amount of time to become deposited 

within the secondary minimum before they are swept from the column.

2.3 Conclusions

It has been shown here that monoclonal, monodisperse bacterial populations can 

exhibit distributed affinities for ostensibly uniform collectors, in this case glass beads. 

Colloid filtration theory was modified to account for said distributions and it was 

found that a probability density function comprised of two dirac delta functions with 

discrete ozs best fit the data. Entrance effects, based on “short” time Taylor-Aris 

dispersion with reaction, were considered and discarded as a possible cause for the 

distributed affinities. As preliminary experiments indicated that electrostatics play a 

predominant role in bacterial attachment to glass, intrapopulational heterogeneities 

in surface charge density was investigated as the source of the distributed as.

In this regard, a capillary electrophoresis method for the measurement of elec
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trophoretic mobilities (related to surface charge density) was developed and vali

dated. Capillary electrophoresis is an extremely powerful separations tool. Which, 

when applied to mobility measurements proved superior to conventional methods, 

such as micro electrophoresis. This superiority stems from the fact that the sepa

ration distance, applied electric field, and number of particles observed are much 

larger in capillary electrophoresis than in conventional electrophoresis techniques. 

Mobilities, of a variety of colloidal particles under a wide range solution conditions, 

determined by capillary electrophoresis were indistinguishable from and had a smaller 

variance than those generated by microelectrophoresis. Furthermore, with capillary 

electrophoresis a mobility histogram was generated, making possible the detection of 

intrapopulational distributions in mobility and aggregation.

The electropherograms show that two of the bacteria, which exhibited the dis

tributed affinities, also exhibited multimodal behavior. In the case of GDI, the cells 

responsible for the multiple modes were separated and collected by modification of 

the electrophoretic mobility measurement technique. Upon re-culturing, cells isolated 

from the higher mobility mode, exhibited multimodal mobilities. The mobilities of 

the recovered cells matched the mobilities of the original population and the positive 

control.

Attempts to predict the collision efficiency from experimentally determined (- 

potentials and published values of bacteria/glass Hamaker constants with existing 

theories based on classical DLVO theory were unsuccessful. System specific classical
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and extended DLVO parameters where determined experimentally from contact an

gle measurements. Examination of classical and extended DLVO interaction energy 

profiles and application of a stability diagram, constructed by including electrostatic 

interactions in a trajectory analysis, showed that deposition was occurring within the 

secondary minimum and that capture within the primary minima was not possible 

(due to a prohibitively large primary energy barrier). Unfortunately, existing theo

ries for deposition within the secondary minima overpredicted deposition or were not 

applicable to the MARK test.
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3.0 SUGGESTIONS FOR FUTURE STUDY

The original goal of both the capillary electrophoresis isolation and MARK re-suspension 

experiments was to obtain cells characterized by a single a  (or ("-potential). Unfor

tunately, in both cases the number of cells recovered was low, relative to the amount 

required for subsequent analysis without re-culturing. The fact that the GDI iso

lates (from the capillary electrophoresis isolation) initially expressed a single elec

trophoretic mode offers an exciting opportunity for understanding the nature of the 

distributed as. The experiment should be repeated with strain A1264. If a single 

electrophoretic mode is detected, a series of MARK tests on the unimodal popula

tion could be conducted. Comparison of the MARK results between the unimodal 

and bimodal A1264 cultures should provide insight into the nature of the affinity 

distribution.

Despite extensive study over the past three decades, colloidal deposition (bacterial 

deposition in general) is still poorly understood, at least quantitatively. In part, this 

lack of fundamental understanding comes about because of the shear complexity of 

the surfaces and forces involved. Also contributing to the problem is an absence of 

experimental studies in well defined, clearly understood systems. For example, the 

system described in this study involved well characterized colloids (at least in terms 

of lumped physicochemical parameters), collectors and solution chemistry, yet the at

tachment experiments were conducted in porous media, where the hydrodynamics are 

extremely complex. In order to gain an understanding of bacterial deposition within
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porous media that lends itself to a priori predictions of adsorption in other systems, 

simpler more clearly understood systems must first be examined. A multi-phase study 

involving in-depth characterization of the surfaces involved, measurements of colloidal 

forces, and adsorption experiments in well known flow fields is necessary.

In addition to determining the classical and extended DLVO parameters (lumped 

physicochemical surface parameters), an in-depth physiological characterization of 

the biocolloid surfaces is necessary. In general assays for surface appendages, outer 

membrane proteins, lipopolysaccharides, extracellular polymers are required. Surface 

appendages are typically visible with electron microscopy. Once outer membrane pro

teins and lipopolysaccharides have been isolated, they can be quantified and charac

terized electrokinetically by, say, two-dimensional gel electrophoresis. Finally, staining 

procedures are available that will reveal the presence of extracellular polymers. It is 

important to note that results of such tests have been used to qualitatively describe 

bacteria attachment, but no attempt has been made to incorporate the findings into 

a predictive model for adsorption.

The second phase would involve the direct measurement of colloidal forces under 

the desired test conditions via atomic force microscopy or with a surface force ap

paratus. Ideally system parameters such as ionic strength and composition and the 

collector material could be varied to illuminate discrepancies between the datum and 

existing interaction energy models. Such a series of experiment would proved useful 

as a guide for amending the current theory; at which point information gathered dur
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ing the physiological characterization of the surface might be incorporated into the 

model.

In the third phase, a series of deposition experiments under extremely well under

stood hydrodynamic conditions would be conducted. For instance, an experimental 

system where particle motion is simply due to Brownian motion might be designed 

or a convection dominated system, such as a rotating disk, where the streamlines 

are well known might be used. Ideally, these experiments would be conducted under 

conditions where extensions from the static, equilibrium conditions of the force mea

surements are tractable. At this point deposition models, like the ones proposed by 

Shapiro et al. (1990), could be applied.

In the final phase, a model incorporating the important features of the previous 

phases could be developed. The model could be extended to more complex systems, 

such as porous media, and tested experimentally. It is important to note that the 

second and third phases lend themselves to addressing the shortcomings of colloid 

capture theory in abiotic systems, for example deposition of colloidal latex micro

spheres.
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Abstract

The forced convection of a monodisperse, monoclonal suspension of bacteria through 

a uniform, saturated porous medium has been investigated. Bench-scale column stud

ies were carried out to measure the removal of micro organisms from suspension due 

to attachment to the surfaces of the solid phase. The columns were packed with 

40-/rm borosilicate glass beads, and bacterial sorption was measured as a function of 

depth in the column using a leucine radiolabel assay. The strains A1264 and GDI 

were examined separately. Colloid filtration theory was used to interpret the data, 

and the average, or effective, affinity of the bacteria for the glass beads was found to 

decrease with distance traveled through the column. It is postulated that, under these 

circumstances, the cell/collector affinity (i.e. the collision efficiency a) varied due to
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intra-populational differences in bacterial surface characteristics. A simple bimodal 

probability density function, consisting of two Dirac delta functions, was found to sat

isfactorily represent the a-distribution in the original bacterial population. This form 

of the distribution function was supported by capillary electrophoresis measurements 

on the bacteria, which showed intrapopulational differences in the surface charge den

sity under the conditions of the transport experiments. These variations in surface 

charge density are significant inasmuch as they give rise to substantial differences in 

the colloidal interaction potentials and, presumably, large differences in cell affinity 

for negatively charged collectors such as glass beads or quartz.
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I n t r o d u c t i o n

Bacterial transport in porous media is central to a variety of contemporary environ

mental issues, including filtration efficiency, pathogen transport in aquifers (1), in situ 

bioremediation of subsurface contaminants (2), oil field repressurization (3), and the 

origin of bacteria in deep subsurface sediments (4). Predictive descriptions of bacte

rial transport and removal associated with flow through porous media are commonly 

predicated on models that treat bacteria as discrete, colloidal particles. Attachment 

of such particles to the collectors that comprise the porous medium is seen as a two 

step process: transport to the surface due to advection, sedimentation, Brownian 

diffusion, etc., followed by physical attachment to the surface (5). The second step 

is characterized by an efficiency parameter a  (i.e. the collision efficiency), which is 

defined as the fraction of particles retained after encountering the collector surface 

(6) .

Variation in a among bacterial species can be significant for a single collector 

material. For example, in our lab, three orders of magnitude variation in a have 

been observed among bacterial species screened for affinity to borosilicate glass (7). 

Such results imply that the concentrations of the species with the greatest and least 

affinity for the collector will be comparably attenuated from solution during passage 

over distances of 1 m and 1 km, respectively.

Albinger, et al. (8) indicated that a values are distributed, even for collisions 

involving monoclonal bacterial populations and an ostensibly uniform collector sur
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face. These ^-distributions were not attributable to intra-strain genetic or size vari

ations. Explanations postulated for the heterogeneous collision efficiency included 

intra-population variations in metabolic activity (9) and electrical surface charge den

sity (10). Here we examine this matter further, as we investigate the nature and source 

of the ^-distributions for two different bacterial species and present electrokinetic ev

idence that physicochemically significant differences in surface charge density exist 

within each of the populations. The ability of intrastrain surface charge variation to 

account for observed variation in a  values is examined.

Inasmuch as there is no satisfactory theoretical basis for predicting the collision 

efficiencies of nonsticking (low-a) particles during transport through porous media 

(11-37), several methods have been devised for calculating a from colloid retention 

data (13-15), and this is the approach that we take here. In particular, Gross, et al. 

(15) described procedures, which we refer to as the MARK (microbe and radiolabel 

kinesis) method, that lead to reproducible measurements of collision efficiency for 

a  > 3 x 10-5. The fraction of cells retained in short columns is then converted to 

an estimate of the population collision efficiency using the semi-empirical method of 

Rajagopalan and Tien (16) and Rajagopalan, et al. (17).

Using an extension of the general MARK procedure, Albinger, et al. (8) divided 

the collector material into approximately mm-thick cross-sections and found mono

tonic, order-of-magnitude decreases in d, the effective cu-value of the population, 

over glass-bead columns that were only 1 cm in length. Where such a  variation is
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attributable to heterogeneity among the organisms, predictive models of bio colloid 

transport/ retention in porous media depend on a faithful representation of f (a) ,  the 

probability density function (pdf) that describes the a distribution within the popula

tion. It is easy to envision pdf's that would include a finite number of microorganisms 

with extremely low probabilities of adhesion. Those cells could be transported over 

long distances—orders of magnitude further than would be predicted using filtration 

theory and a uniform, experimentally determined a value.

Here we evaluated a series of candidate multi-parameter f(a) with regard to their 

respective abilities to account for biocolloid attenuation during advection-dominated 

transport of monoclonal bacterial populations through uniform porous media. The 

physiological basis of distributed a values was also investigated. Capillary elec

trophoresis measurements showed that each of the studied bacterial strains exhib

ited two substantial electrophoretic mobility modes, meaning that there are in fact 

intra-population variations in the surface charge density of the organisms.

Colloid filtration theory and the M AR K  column experim ents

Based on the filtration theory of Yao, et al. (18), and the semi-empirical methods of 

Rajagopalan and Tien (16) and Rajagopalan, et al. (17), transport of colloidal par

ticles through saturated, isotropic porous media can be represented by a convective- 

dispersion equation, augmented by adsorption and desorption terms to account for 

bacterial interaction with the collector surface (5). The MARK experiments outlined 

in the subsequent section are performed in cylindrical columns packed with 40-//m
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glass spheres that were initially free of bacteria. Accordingly, there was a large excess 

of clean surface to which the bacteria could attach. Over the course of the experi

ment, during which approximately 10 pore volumes of the bacterial suspension passed 

through the columns, the local attachment rate was assumed to be linear in the bac

terial concentration and detachment was neglected. Because the flows were strong, 

the mass balance on the microorganisms simplifies to

F^x) =  1 — ——- =  1 — exp (—Nv&ax ) , (A.l)
Co

where F(x)  is the fraction of influent bacteria retained between the inlet and x, the 

(dimensionless) axial position scaled on L, the length of the MARK column; Co is the 

influent concentration of bacteria; c(x) is the concentration of bacteria in suspension; 

ADa is a Damkdhler number characterizing the rate of bacterial collisions with the 

collector relative to the rate of advective transport; and a is the efficiency of the 

collisions. For a uniform bed of spherical collectors, iVDa =  3(1 — 0)r)L/2dc, where 9 is 

the porosity of the bed, and where dc is the diameter and r] is the collector efficiency 

of the individual beads. An empirical relationship was used for rj in this work, as 

described by Logan, et al. (19).

A straightforward rearrangement of Eqn (A.l) suggests that a plot of ln[l — F(x)] 

vs. x ought to vary linearly with a slope of —N ^ a ,  i.e.

ln[l — .F(%)] =  —Nn^ax. (A.2)

However, the experiments of Albinger, et ah, as well as data to be described in the 

results and discussion, strongly imply that a  need not be uniform for the entire
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bacterial population. In such instances, Eqn (A.l) becomes

F(x) = 1 — f  (a) exp[—ND&ax]da (A.3)

if the collision efficiency is represented by a probability density function f (a) ,  where 

f (a)da  is the probability that a bacterium within the population will have a collision 

efficiency between a  and a + da.

In principle, measurements of bacterial retention as a function of depth can be 

used to deduce the form of f(a).  In the section that follows, we describe such ex

periments on bacterial retention, which were performed on two separate strains. We 

extend previous work by (i) generating an internally consistent set of MARK (depth- 

dependent) column retention data for two subsurface bacterial isolates, (u) using 

MARK data to deduce the mathematical form of f(a) and (Hi) probing physiological 

explanations for apparent f(a) distributions. In that regard, capillary electrophoresis 

measurements enabled us to look directly for distributed electrophoretic mobilities in 

the same, ostensibly uniform populations of monoclonal, mono disperse bacteria.

M a t e r i a l s  a n d  M e t h o d s

The microbes used were A1264, a motile, ellipsoidal bacterium (l/w = 2.5) isolated 

from the Savannah River deep subsurface environment, and GDI, a non-motile, el

lipsoidal bacterium (l/w  =  1.5) isolated from sediments at the DOE site at Oyster, 

Virginia. The (Stokes-Einstein) radius of the bacteria, was 0.39 /zm and 0.50 /zm 

for A1264 and GDI, respectively, as measured with a N4 Plus Particle Size Analyzer
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(Coulter, Inc.). Each strain was gram-negative. Neither produced significant extra

cellular polysaccharides, as indicated by a ruthenium red dye adsorption method (20). 

Bacteria were grown to early stationary phase in 250 ml Erlenmeyer flasks containing 

100 ml of 10% PTYG (0.25 g/1 peptone, 0.25 g/1 tryptone, 0.50 g/1 yeast extract, 

0.50 g/1 glucose, 0.60 g/1 MgS04-7H20 , 0.07 g/1 CaCl2-2H20) at room temperature 

(22-24 °C) on an orbit shaker table at 150 rpm.

MARK transport studies were conducted as described by Albinger, et al. (8) 

with the following modifications. The experimental cultures were suspended in 3-[N- 

Morpholino] propane sulfonic (MOPS) buffer (4.186 g MOPS acid/1, Sigma Ultra, 

titrated to pH 7.02 with 1 N NaOH, conductivity 760 yuS/cm, ionic strength 10~2 M, 

filter sterilized) at a concentration of 106 cells/ml. The collector material consisted 

of 40-yUm borosilicate glass beads (Whatman). Additional studies, to confirm the 

importance of electrostatic interactions, were performed by varying the ionic strength 

of the carrier solution from 10~2 M to 1.0 M by the addition of KOI to the MOPS 

buffer. The collector material for those experiments was 38-pm soda-lime glass beads 

(Potters Industries, Inc.). In all of the experiments, the beads were pretreated as 

described by Gross, et al. (15), and the bacterial suspension was passed through the 

column at approximately 1.3 x 10-1 cm/s.

The electrophoretic mobilities of the bacteria were measured with a Beckman 

P/ACE System 2100 Capillary Zone Electrophoresis (CZE) unit using procedures 

that were described in detail by Glynn, et al. (21). Experimental cultures were grown
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to early stationary phase under the conditions used for the MARK assays. Bac

teria were resuspended at a final concentration of 109-1010 cells/ml and incubated 

at room temperature for 18 hours. Stained cells were visually inspected to confirm 

that the suspensions were monodisperse. Culture purity was repeatedly verified by 

light microscopy and plating/colony morphology. The applied electric field was typ

ically 88-175 V/cm for measurements on GDI, and 319-426 V/cm for measurements 

on A1264. Higher voltage gradients were required for A1264 because, at low field 

strengths, significant peak broadening occurred; this was thought to be caused by 

microbial motility. A neutral marker, mesityl oxide, was introduced into the sample 

(2 /rl of mesityl oxide into 400 /A of suspension) to indicate the velocity of the elec- 

troosmotic flow. Electrokinetic measurements were also performed on the background 

buffer (MOPS) and bacterial filtrate, which was obtained by passing the bacterial sus

pension through a 0.2-^m Aero disc sterile filter.

Once the electrophoretic mobility M  was established, the Smoluchowski equation 

(37) was used to determine the (-potential of the bacteria, viz.

where n is the buffer viscosity, e is the relative permittivity of the buffer, and eo is 

the permittivity of the vacuum. Use of the Smoluchowski equation is valid provided 

that

e|zmaxeCb/fcBU/ftab <  1, (A.5)

where k is the Debye length, k^T  is the Boltzmann temperature, e is the fundamental
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charge on a proton and zmax is the highest valence of the counterions in solution 

(22). The dimensionless Debye length I / kcl̂  for the bacteria suspended in aqueous 

MOPS buffer (ionic strength, 10-2 M) was approximately 1/165, 2:max =  1 and 0.8< 

eCb/ksT < 1.5 (based on the CZE results), so inequality (A.5) was satisfied.

The ("-potential of the borosilicate glass beads was measured using a Lazer Zee 

Meter Model 501 (Pen Kem, Inc.). The beads were pretreated as in the MARK 

procedure. Measurements were made in the same MOPS buffer as used for both 

the MARK transport and the capillary electrophoresis studies. The surface charge 

density of the soda-lime glass beads was available from literature (23).

R e s u l t s  a n d  D i s c u s s i o n

M ARK  Column Studies

The results of MARK column experiments for the A1264 and GDI strains are shown 

in Fig 1. The data are displayed as semi-logio plots of 1 — F(x)  vs. x, the depth in the 

column. Individual data points represent values averaged over three experiments, and 

the error bars are two standard deviations wide. According to standard clean-bed 

filtration theory, as represented by Eqn (A.2), logic[1 — F(x)} should vary linearly 

with x. The nonlinear relationships obtained here are consistent with those reported 

by Albinger, et al. (8).

Also shown in the figures are mathematical interpretations of the data based on 

Eqn (A.3). The dashed curve was generated by assuming that f (a) ,  the pdf for a, is
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given by the two-parameter (Aw and Bw) Weibull distribution (24), viz.

. f(<x,Aw,B w) =  AwS wq;"Bw 1 exp(-A wo;Bw), for a ,A w,B w > 0. (A.6)

The solid line was generated by taking f (a)  to be a discrete, bimodal function of a  

viz.

where S is the Dirac delta function, Qiiow and o%igh are the collision efficiencies, and 

/low and /high are the fractions of the total population associated with each mode. The 

optimum values of the parameters Aw and Bw for the Weibull distribution, as well 

as the parameters q:iow, a'high and /high for the discrete, bimodal distribution, appear 

in Table I. These were established by optimizing the coefficient of determination R 2 

(25), thereby minimizing the error between Fexp(xi), the experimentally-measured 

fraction of influent bacteria retained between the inlet and position Xi ( i — 1, ..., 10) 

in the column, and Bflt (xi) calculated from the RHS of Eqn (A.3) with the assumed 

distribution for f{a) (i.e. Eqn (A.6) or (A.7)) substituted into the integral. For the 

Weibull distribution, the integral was evaluated numerically with composite Newton- 

Cotes formulas (26).

The upper limit on the integral in Eqn (A.3) was allowed to go beyond unity 

since, for a to be strictly confined to values between zero and one, the calculation 

of the collector efficiency must be without flaw. Unfortunately, there are empirical 

uncertainties associated with the calculation of rj (37), and a  values greater than one
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are often obtained (27-28). It should be noted, though, that substantially the same 

results were obtained when it was stipulated that 0< a. <1.

In addition to the Weibull distribution, various other unimodal, two-parameter 

probability distribution functions were considered, including normal, log-normal, gamma 

and inverse Gaussian. Of these, the Weibull distribution gave the best agreement with 

the data. It is clear from Fig 1, however, that the three-parameter bimodal distribu

tion given by Eqn (A.7) provides a more faithful representation of the data.

Our rationale for investigating a bimodal f { a )  stems from the observations that: 

one, according to Eqn (A.2), the effective a of the population in suspension is propor

tional to the slope of the logio[l — E ^ )] vs. x curve; two, the data shown in the figures 

suggest that the effective a (or slope) diminishes monotonically (in magnitude) with 

depth; and three, there are relatively linear regions on each of the curves shown (Fig 

1), near the top and bottom of the column. Inasmuch as repeated examinations indi

cated that culture purity was maintained, the simplest postulate is that the bacterial 

population consisted of two subpopulations: one sticky, the other less so. The sticky 

subpopulation would be easily removed, giving a steep slope to the logi0[l — F(x)j 

vs. x curve at the shallower depths. As the sticky population is removed, the less 

sticky organisms comprise an ever-growing proportion of the bacteria remaining in 

suspension and, so, the slope diminishes with depth.

Direct experimental support for a bimodal f (a)  is found in the results of the elec- 

trokinetic measurements (see below). The importance of electrostatics to cell reten
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tion on glass beads was certainly expected. Meinders, et al. (29) and von Loosdrecht, 

et al. (30) showed that, for organisms that are not hydrophobic, bacterial attachment 

to glass is strongly influenced by electrostatic interactions. Experiments illustrat

ing the dependence of bacterial attachment to collector media on ionic strength are 

commonplace (31-33).

The importance of electrostatics to cell retention was supported in our experiments 

by the observed dependence of a (the effective collision efficiency over the length of 

1-cm MARK reactors) on the ionic strength of the carrier solution. Increasing the 

ionic strength from 10~2 M to 1.0 M by KCL addition caused a ten-fold increase 

in a  for A1264 and a four-fold increase in ot for GDI (Table II). Furthermore, since 

bimodality in the electrophoretic behavior of microorganisms has been observed in 

several other contexts (34-36), intrastrain variation in cell surface charge provided a 

plausible candidate explanation for the depth-dependent a values observed in MARK 

column studies.

Electrophoresis M easurem ents

In Figs 2 and 3, typical electropherograms are shown for A1264 and GDI, respectively. 

The data for both A1264 and GDI exhibited two strong modes (the first large peak 

in the figures is due to the neutral marker, mesityl oxide). The neutral maker had 

no detectable effect on the electrophoretic mobility of the microorganisms. The peak 

sizes suggest a large percentage contribution by each subpopulation; if a bacterial 

contaminant had been responsible for one of the peaks, it should have been visually
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observable. Moreover, neither the electrokinetic measurements on the buffer nor those 

on the filtrate yielded any peaks.

Data from the A1264 and GDI electropherograms were converted into ^-potentials 

for the bacteria with Eqn (A.4). The results of these calculations are summarized in 

Table III for the two electropherogram modes exhibited by each strain. In the table, 

and the text below, the subscripts 1 and 2 refer to the first and second bacterial 

peaks to emerge in the electropherograms. Note that, in the capillary electrophoresis 

experiments, the electroosmotic velocity of the carrier buffer is antiparallel to the 

electrophoretic velocity of the bacteria. Thus the more highly-charged bacteria are 

eluted last. The results clearly show that surface charge density can be a distributed 

function among stationary-phase bacteria in pure cultures. For A1264, the difference 

in the ^.-potentials associated with the mobility modes is (i =  —11.70 ±  2.09

mV. For GDI, A (  =  —5.22 ±  1.75 mV. The ("-potential of the borosilicate glass beads, 

as determined with the Lazer Zee Meter (Pen Kem, Inc.), was —37.58 ±  4.95 mV in 

10-2 M MOPS buffer at pH 7.02.

Collision Efficiency Calculations Based on Electrophoresis M ea
surements

The Derjaguin-Landau-Verwey-Overbeek (DLVO) energy of interaction (Volvo) be

tween a negatively charged colloid and a neighboring collector is obtained by combin

ing London-van der Waals and electrostatic energies. When plotted as a function of 

separation distance H0 (Fig 4), Volvo exhibits a deep primary minimum, an energy
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barrier Vmax and a shallow secondary minimum V^mm-

A variety of approaches have been developed to connect the collision efficiency 

a  to the thermal and DLVO forces that presumably dominate the particle transport 

close to the collector surface; we have applied the three summarized in Table IV to 

the analysis of our data.

The first approach has received widespread application and treats particle removal 

from suspension as a surface reaction in which the particles traverse the energy bar

rier I/max and are captured in the primary minimum. The reaction rate constant 

K-p accounts for the DLVO interactions, which influence particle transport within a 

boundary layer of thickness dp at the collector surface (23, 37-44).

The second approach is heuristic and applies when the primary energy barrier 

precludes access .of suspended particles to the collector surface. In these cases capture 

can still occur in the secondary energy minimum. Proceeding with the analogue of 

particle capture as a surface reaction, Hahn has related a  to the energy required to 

escape from the secondary minimum, i.e. 16°min- This relationship is given in Table 

IV and has been used to explain the colloid retention data of Elimelech and O’Melia 

(11), where analysis based on capture in the primary minimum failed (23,44).

The third approach that we employ is empirical and was put forth by Elimelech 

(45) to circumvent the difficulties in calculating a  directly from first principles. In

stead of relating a  to Volvo, the collision efficiency is correlated with the primary 

DLVO interaction parameters, viz. the Hamaker constant (A), the Debye screening



122

length, the dielectric constant of the solvent, and the ("-potentials of the interacting 

surfaces.

The results of the calculation of the collision efficiency by the three aforementioned 

approaches are summarized in Table V and are discussed below.

Comparison of M AR K  and Electrophoresis M easurem ents w ith  
Colloid Capture Theory

The empirical results and theoretical tools described to this point invite several com

parisons. For example, it is possible to compare fitted /high and /iow values (cf. Eqn 

(A.7)) with corresponding (relative) peak areas in the electropherograms. MARK 

data/curve fitting (Fig 1) indicated that /high was about 0.17 (Table I), corresponding 

roughly to the relative area of the first peak in A1264 electropherograms (0.29 ±  0.174; 

Table III). Electropherogram peak areas may, therefore, correspond to sticky and non- 

sticky subpopulations that are also manifested in MARK data. On the other hand, 

MARK data/curve fitting for strain GDI indicated that /high < 0.02 (Fig 1; Table 

I), a value that is not easily reconciled with GDI electropherograms (Table III) in 

which the relative area of the first peak was 0.48 ±  0.152. Values of (% for A1264 (the 

nonsticky mode) and ("i for the GDI culture (Table III) are similar; if ("-potential is 

a primary determinant of sticking efficiency, the subpopulations contributing to the 

two primary peaks in the GDI electropherogram (Fig 3) may both be comprised of 

bacteria with relatively low a values. In the measurement of electrophoretic mobility 

by capillary electrophoresis, only about 25,000 cells were injected, of which the sticky



123

fraction (a = 1.15; Table I) consisted of fewer than 500. The corresponding peak 

area, which should have been only 4 percent of those shown (Fig 3), would have been 

lost in baseline noise. Consequently, both of the major peaks in the GDI electro- 

pherogram may correspond to low-affinity subpopulations, while the sticky fraction 

that produces declining a values in MARK tests lies below the detection limit of the 

CE device.

(-potentials for both bacteria are sufficiently negative to prevent attachment 

within the primary energy minimum. That is, based on the premise of capture in 

the primary minimum calculated a values are vanishingly small, and, although cor

responding a  calculations remain sensitive to both (  and A, differences are irrelevant 

in any practical sense. Calculated a values based on capture within the secondary 

minimum, while finite and reasonably sensitive to selection of A, are essentially inde

pendent of (-potential in the range of those encountered here, —36.96 < (  < —20.87 

mV. There are apparently irreconcilable differences between a  values based on MARK 

measurements and theoretical predictions based on electrophoresis data and capture 

in either the primary or secondary minimum.

Applying Elimelech’s empirical approach to calculate n (Table V) leads to values 

of 10 for A1264 and 37 for GDI. Neither result is appealing based on theoretical 

arguments, nor do they compare favorably with n values deduced by Elimelech (45), 

which were near unity for the attachment of various-sized polystyrene spheres to 

glass-bead collectors.
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Thus, although variation in intrapopulation surface charge density was plainly 

evident using capillary electrophoresis, extant methods for calculating a  fail to pro

vide an adequate quantitative explanation for the distribution of a  values that was 

deduced from the MARK data originating from the same bacteria. The apparent dis

crepancy between experiment and theory is not confined to this study. Incorporation 

of DLVO theory into descriptions of particle capture have been largely unsuccess

ful when electrostatic repulsion is present (37,23, 44-53). Efforts to overcome these 

shortcomings, while numerous, have been only partially successful. Agreement was 

achieved, for example, after development of a Gaussian pdf to represent the distri

bution of ^-potentials among colloidal particles (46,49). However, the coefficient of 

variation for distributed ("-potentials that was required to fit the data was often higher 

than 0.3. Taken together, the body of experimental evidence indicates that DLVO

theory underestimates deposition or aggregation in conditions where the electrostatic

/
interactions are strongly repulsive.

Recently, techniques have been developed that make the measurement of the forces 

acting between colloidal particles and surfaces possible (54). These measurements 

have illuminated the presence of short range hydrophobic forces (55-57). These forces 

tend to be attractive when the surfaces are hydrophobic. Extension of classical DLVO 

theory to account for these forces (58) has been used to describe interactions between 

glycolipid bilayers (57) and to describe bacterial adhesion onto various surfaces (29,59- 

60). Use of DLVO extensions to describe bacterial adhesion has yielded mixed results
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(29), especially when the surfaces and organisms are not particularly hydrophobic -  

exactly the situation we are describing in this study.

It should be noted in closing that Hunter (22) and Israelachvili (61) reviewed 

numerous systems where classical DLVO theory provides good agreement with exper

iment. DLVO theory has been sucessfully used to predict soap film thickness (62-64); 

swelling of clays (22); double layer forces in various electrolytes between mica (65-68), 

sapphire crystals (69), silica (70), surfactants and lipid bilayers (71-74); and double 

layer forces in non-aqueous liquids (75-76). Furthermore several authors have been 

able to qualitatively describe bacterial adhesion or aggregation using DLVO theory 

(33,77 -81) or to correlate attachment and detachment with the energy well associated 

with the secondary minimum (29). These successes notwithstanding, incorporation of 

the basic theory (37, 23,44 -53) or extensions thereof (e.g. extended DLVO (58)), into 

calculation of colloidal filtration, deposition or stability remains an area for continued 

investigation.

To summarize, then, the contributions and shortcomings of work described herein:

1. For the cases presented here, electrostatics were a primary determinant of 

cell/collector affinity. Intrastrain variation in bacterial surface charge density, which 

was detected by CE measurements, was probably responsible for observed variation 

in cell stickiness. As far as we know, this is the first use of capillary electrophoresis to 

establish the electrostatic origin of transport variants in pure bacterial suspensions.

2. Collision efficiencies determined by (a) transport experiments and (b) DLVO-
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based analysis of electrophoretic data cannot be reconciled.
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A p p e n d i x :  N o m e n c l a t u r e

Roman symbols

cib) ac

A

Ag

Ayr, Bw

B

c

Co

dc

DP

e

Ka )

/high) /]low

F(x)

Si(JTo)

Ho

ks

K f

radius of bacteria and collector, respectively, m 

Hamaker constant, J

geometric correction factor to account for neighboring collector 

particles, 2(1 — p5)/(2 — 3p + 3p5 — 2p6)

Weibull distribution parameters

pre-exponential factor from Elimelech correlation (45), cf. Table IV

concentration of bacteria in suspension, m-3

inlet concentration of bacteria, m~3

collector diameter, m

particle dispersivity, m2/s

fundamental charge on a proton, 1.6 x 10~19 C

probability density function for (^-distribution of bacterial population 

fraction of bacteria with collision efficiency a  equals to (Thigh and (Tiow, 

respectively

fraction of influent bacteria retained between the inlet and position x 

hydrodynamic resistance function (39)

surface-to-surface separation between bacterium and collector, m 

Boltzmann’s constant, J/K

psuedo-hrst-order rate constant for deposition in the primary
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L

M

n

M )a

■ÂPe

P

R 2

T

E7a

^2°min

Vdlvo

%nax

X

^max

Greek symbols 

a

p

minimum, m/s

length of MARK column, m

electrophoretic mobility, m2/v-s

exponential factor from Elimelech correlation (45), cf. Table IV 

Damkohler number, Z{l-0)r}L/2dc 

Peclet number, 2U&ac/D v 

(1 -  0)1/3

coefficient of determination

slowly varying function tabulated in reference (38), varies between 

1.0 and 1.4

absolute temperature, K

approach velocity of the fluid, m /s

DLVO potential energy of the secondary minimum, J

total (van der Waals +  electrostatic ) DLVO interaction energy, J

DLVO potential energy barrier, J

dimensionless axial position in the MARK column

highest valence of counterions in solution

collision efficiency

colloidal interaction parameter, cf. Table IV

8 Dirac delta function



thickness of colloidal force boundary layer, cf. Table IV, m

pre-exponential factor

the gamma function (82)

relative permittivity of the buffer

permittivity of free space, 8.854 x 10-12 C/V-m

collector removal efficiency

Debye screening parameter, m-1

porosity of porous medium

zeta potentials of bacterium and collector, respectively, V
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Table A.I: Optimum parameters from fit of empirical probability density functions 
for f (a)  to MARK column data.

Bimodal Distribution Parameters0, Wiebull Distribution Parameters6 
Organism ./'high -̂high ĉ iow R Bw -B

A1264 0.17 0.83 1.00 x lO”2 0.999 1.0 x lO”4 0.27 0.841
GDI 0.02 1.15 3.30 x 10~3 0.994 1.0 x 10~4 0.07 0.889

a f ( a )  — (1  — f u g h ) S ( < y  —  Q.'low) +  /h ig h 5( ^  — CKhigh)

bf{a)  =  AwBwo;Bw_1 e x p (-A wQ'Bw)
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Table A.II: Effective collision efficiency a  as a function of cell identity and ionic 
strength in 1-cm MARK columns. The collector material for these experiments was 
38-yum soda-lime glass beads.______________________________

Effective collision efficiency, a0.
Organism 7 = 10 2 M / = 10 1 M /  = 1 M

A1264
c m

3.6 xlO"2 8.4 x l0~2 3.8 xlO-1
1.7 xlO-2 2.7 xlO-2 6.5 xlO-2

“Ionic strength I  was varied by addition of KC1 to 10 2 M MOPS buffer (pH = 7.02).
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Table A.Ill: Electrokinetic data for A1264 and GDI.

A1264° GDI* 6

Mi (nm cm s 1 V 1)
M2 (/im cm s-1 V-1)

Ci (mV)
C2 (mV)

% Total Peak Area, 1st Peak

-1.48 ±0.16 —2.25 ±  0.11 
-2.31 ±0.12 -2.62 ±0.15 

—20.87 ±  2.21 -31.72 ±1.53 
-32.57 ±1.73 -36.94 ±2.11

28.9 ±17.4 48.2 ±15.2

“The means and standard deviations of results are based on seven capillary elec
trophoresis experiments; see Fig 2 for a typical result.
6The means and standard deviations of results are based on eighteen capillary elec
trophoresis experiments; see Fig 3 for a typical result.



Table A.IV: Summary of approaches for the prediction of collision efficiency from physicochemical parameters. Notation 
is as defined in the appendix. VoLvo, VmA.x, and V^mm are as illustrated in Fig 4.___________________

1. Primary minimum capture (23,37- 44)
a  =  4 Ag/3 iVpe2/3 ~1 /? (1 +  f l - ' S iP )

(3 =  -^ r ( i )A s- 1/3ivp- 1/3 (acAF/i7p)

AF =  Dp (/05f {5i (Ao) exp [VDLVo(^o)/fcBT] -  1} dAo)"1 
Notes: (a) S{{3) was tabulated by Spielman and Friedlander (38).

(b) When Vm3x/k-BT >  1 this approach yields: a =  7exp(— | Vmsx/k-^T |).

2. Secondary minimum capture (11)
a  =  1 — exp(— | V20mm/ k^sT |)

3. Empirical correlation (45)
logio a =  log10 B  +  nlog10 (KA/ee0CbCc)
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Table A.V: Comparison of collision efficiencies calculated from physicochemical pa
rameters with collision efficiencies interpreted from MARK data. The basis for pre- 
dicting a  from physicochemical parameters are summarized in Table IV.____

Method of A1264 GDI
Determination Ahigh O'low ^high Q̂low

MARK data“ 0.83 1.00 x 10-2 1.15 3.30 x 10-3
l°min capture6 < 10-96 < 10-198 < 10-253 < 10-299

2°min capture6’0 0.16-0.98 0.16-0.97 0.19-0.99 0.19-0.99

correlation log10( Ahigh/Ai0w) =  0.20n l0glo(a high/Ĉ low) — 0.07n

“Collision efficiencies determined from bimodal odistribution fit to MARK data, as 
summarized in Table I.
6The heterocoagulation model of Hogg, et al. (83) was used to calculate the DLVO 
interaction energies. To obtain c% igh, Cb was set equal to Ci from Table III; similarly 
Aiow was obtained by setting Cb equal to ("2-
“The range of a - values quoted are for Hamaker constants that span those reported 
for bacteria and glass (84), i.e. A = 4 x 10-22 to 6 x 10~21 J.
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Depth, x
Figure A.l: Comparison of MARK experiments on bacterial retention with Eqn (A.3). 
Data are shown as log10[l — F(x)] versus x  for A1264 and GDI on 40-pm borosilicate 
glass beads in KF2 M MOPS buffer. Column length L = 1. Legend: □, MARK data
for A1264; Q, MARK data for G D I;----- —, Weibull distribution ; --------- , bimodal
distribution. Fitted parameters for the Weibull and bimodal distributions are found 
in Table I.
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Figure A.2: Typical electropherogram for A1264 showing elution times of the neutral 
marker (mesityl oxide elution time: 2.36 min) and two A1264 subpopulations (peak 
elution times: 3.16 and 3.85 min). UV absorbance was measured at A =  214 nm. 
Measurements were conducted in 10~2 M MOPS buffer (pH =  7.02) at 25 °C with an 
applied electric field strength of 426 V/cm over a 47-crn long capillary.
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Figure A.3: Typical electmpherogram for CD1 showing elution times of the neutral 
marker (mesityl oxide elution time: 6.21 min) and two GDI subpopulations (peak 
elution times: 9.03 and 9.81 min). UV absorbance was measured at A = 214 nm. 
Measurements were conducted in 10~2 M MOPS buffer (pH =  7.02) at 25 0C with an 
applied electric field strength of 175 V/ cm over a 57-cm long capillary.
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Figure A.4: Qualitative features of the classical DLVO interaction energy Volvo as 
a function of dimensionless surface-to-surface separation Hq. The primary energy 
barrier VmRX and the secondary minimum V2°min are indicated on the figure.
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Capillary Electrophoresis M easurem ents of Electrophoretic 

M obility for Colloidal Particles of Biological Interest

J.R. Glynn Jr., B.M. Belongia, R.G. Arnold, K.L. Ogden, and J.C. Bay gents

A b s t r a c t

The electrophoretic mobilities of three bacterial strains were investigated by capil

lary electrophoresis (CE) and compared with results obtained by microelectrophore

sis (ME). The CE measurements yielded bimodal electropherograms for two of the 

strains, thus illustrating for the first time that surface charge variations within a 

monoclonal population can be probed by CE. Intra-populational variations were not 

detected by ME. The mobilities of three chemically-distinct latex microspheres were 

also measured. Differences between the mean mobilities obtained by CE and ME were 

not statistically significant (p < 0.50); standard deviations of the CE measurements 

were typically 2 to 10 times smaller. The reproducibility of CE permitted batch-to- 

batch mobility variations to be probed for the bacteria—one of the strains exhibited 

such variations—and aggregation was evident in one of the latex suspensions. These 

effects were not measureable with ME.
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I n t r o d u c t i o n

Over the past decade, capillary electrophoresis (CE) has been developed into a stan

dard technique in biotechnology. CE is used for the analytical separation of charged 

solutes such as carbohydrates, proteins and DNA, pharmaceuticals, herbicides and 

pesticides, as well as lower molecular weight ions (1,19,27). CE is a powerful clinical 

diagnostic tool for profiling, screening, and detecting drugs, carbohydrates and lipids, 

enzymes, proteins and nucleic acids (46). Variants of CE, known as micellar electroki- 

netic capillary chromatography (27) and capillary electrochromatography (36), allow 

solutions of nonionic analytes to be resolved.

Recently CE has been applied to suspensions involving particles of biological in

terest, e.g. viruses (19), bacteria (9,19), silica sols (31), and polystyrene nanospheres 

(45). An advantage of electrophoretic separations, over say filtration or centrifuga

tion, is that electrophoresis is characteristically gentle and suitable for labile com

pounds and microorganisms. For example, Ebersole and McCormick (9) found that 

more than 90% of the bacteria they tested remained viable after CE, and a variety 

of others (e.g. 13,35) have obtained similar results for the viability of cells separated 

dielectrophoretically in comparable strength electric fields (ca. 100 V/cm).

While the separation capabilities of CE are well established (for reviews see ref

erences 2,26,27), the method has not been widely used to measure electrophoretic 

mobilities. Accurate measurements of electrophoretic mobilities are important in 

myriad biological and environmental sciences and technologies, ranging from clinical
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diagnostics (40,41) to understanding biocolloid adhesion (8, 10,12,17,33, 39, 43,44). 

Tobacco mosaic virus (6,15) and polymer latex mobilities (6,15,23) have been char

acterized by CE, but Zhu and Chen (47) found that, for human red blood cells, the 

electrophoretic mobility measured by CE differed 21% from values in the literature. 

As there are no direct comparisons of CE to other techniques, we have made elec

trophoretic mobility measurements by CE and by microelectrophoresis (ME), and we 

report on these results here. Our objectives were essentially to examine whether CE 

could be applied to measure the electrophoretic mobility of larger particles (ca. 1 /zm 

diameter) of biological interest, and to assess the accuracy of the method relative to 

ME (8,29,42). We present results for the electrophoretic mobilities of three strains 

of bacteria and three chemically distinct microspheres (used in biocompatibility de

terminations) at two pHs and three ionic strengths. The method that we employ 

is based on the work done with tobacco mosaic virus by Grossman & Soane (15). 

No statistical difference was found between CE and ME mobility measurements, and 

the CE data typically showed lower variances. In addition, it was possible by CE 

to detect electrophoretic heterogeneities in two of the bacterial species, as well as 

aggregation in one of the latex suspensions. To our knowledge, this is the first use of 

CE to resolve mobility variations with a monoclonal population.
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M a t e r i a l s  a n d  M e t h o d s

Bacterial strains and preparation.

The bacterial strains investigated in this study were A1264, a gram-negative, motile, 

ellipsoidal bacterium (l/w = 2.5) isolated from the Savannah River deep subsurface 

environment, and two species isolated from the DOE site at Oyster, Virginia. The 

Oyster groundwater isolates were GDI (gram-negative, non-motile, ellipsoidal with 

l /w =  1.5) and PL2W31 (gram-positive, non-motile, ellipsoidal with l /w =  2.5). 

The equivalent spherical radii of the bacteria used here, based on their projected 

areas, were all approximately 0.5 /im. Cultures were grown to early stationary phase 

(Aeoo ^  1-5) in 250-ml Erlenmeyer flasks containing 100 ml of 10% PTYG (0.25 

g/1 peptone, 0.25 g/1 tryptone, 0.50 g/1 yeast extract, 0.6 g/1 MgSO^ • 7H20, 0.07 g/1 

CaCE'SHgO) at room temperature (22-24°C) and constant agitation (150 rpm). Cells 

were separated by centrifugation (20 min at 104 x g) and resuspended in 100 ml of 

filter-sterilized 3-[N-Morpholino] propane sulfonic (MOPS) buffer (4.186 g/1 MOPS 

acid, Sigma Ultra; titrated to pH 7.02 with 1 N NaOH; conductivity 760 //S/cm; 

ionic strength 10 mM). The washing procedure was repeated to produce the final 

suspension (109-1010 cells/ml), which was then incubated at room temperature for 

18 hours2. At that point, cell density was again measured by acridine orange direct 

count (AODC; 20). Throughout the process, culture purity was repeatedly verified 

by direct visual observation (approx. 104 cells observed), plating and comparison of

2The bacterial species and stage of growth were predicated on a related bacterial attachment 
study (3). The CE technique we describe is robust and adaptable to species at all stages of growth.
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colony morphology. Direct visual observation was also used to confirm that the cells 

were mono disperse at the time of the experiments.

CE measurements were performed on at least three separate batches of each of the 

microorganism. The batches were grown and prepared for measurement on different 

days. Typically, three to five mobility measurements were taken on a given batch, 

though in a some instances, as few as one or two measurements were taken. ME 

measurements were made on cells from a single culture.

M icrospheres and preparation

Three types of microspheres were studied: 0.6 ^m diameter, surfactant-free, hy

drophobic amidine polystyrene latex (Interfacial Dynamics Corp., Portland, OR); 

0.22 //m diameter, surfactant-free, hydrophilic carboxylate-modified polystyrene la

tex (CML; Interfacial Dynamics Corp.); and 0.24 /rm diameter, hydrophobic poly

methyl methacrylate (PMMA; NASA Space Science Lab, MSEC, AL). The reported 

hydrophobicities pertain to the test conditions of this study. The polystyrene and 

PMMA spheres were supplied at stock concentrations of roughly 4% and 20% solids, 

respectively. The stock solutions were centrifuged for 4 to 16 min, depending on the 

size of the microsphere, resuspended in the appropriate carrier buffer, and sonicated 

for at least 10 min to produce mono disperse suspensions. The carrier buffers were 

100 mM borate (Beckman borate buffer kit, pH = 8.39, conductivity =  1.60 mS/cm) 

and 2 mM borate (pH =  8.35, conductivity =  41.3 yuS/cm). The 2mM borate buffer 

was produced by diluting a 100 mM buffer solution with ultrapure water (Ultra-Pure
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Water Research Group, Department of Chemical and Environmental Engineering, 

The University of Arizona). Buffers were filter-sterilized. The washing procedure was 

repeated three times for the CML and amidine particles and six to ten times for the 

PMMA particles since the PMMA stock solutions contained residual impurities from 

the emulsion polymerization process. The suspensions were diluted to a final volume 

fraction of 0.01 to 0.001 and stored overnight at 4°C to ensure that the spheres were in 

equilibrium with the carrier buffer. Measurements on the amidine and CML particles 

were made in the 2 and 100 mMbuffers. PMMA measurements were made in the 2 

mM buffer. Prior to measurements, suspensions were inspected for aggregation with 

a light microscope.

Capillary electrophoresis measurements

A Beckman P/ACE System 2100 Capillary Zone Electrophoresis unit, controlled by 

Beckman System Gold software, was used to measure electrophoretic mobilites. The 

schematic design of the instrument is shown in Fig 1. Application of an electric 

field down the axis of the capillary drives particle transport by two mechanisms: 

electrophoresis—translation due to the particle’s native charge; and electroosmosis— 

bulk convection of the carrier electrolyte in which the particles are immersed. M, the 

electrophoretic mobility of a particle population (or sub-population), follows from 

their translation rate versus that of a neutral dopant, which moves from the inlet 

past the UV detector at the electroosmotic velocity of the buffer (21,28), i.e.,

(B.l)
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where L& is the distance from the inlet reservoir to the detector, and V is the voltage 

difference applied across the length of the capillary, Ltot; tre{ and tp are, respectively, 

the mean migration times of the reference marker and of the particle population (or 

sub-population) (27).

The capillaries (Polymicro Technologies, Phoenix, AZ) used were made of flexible 

fused silica with an uncoated, 75-yUm internal diameter and an an exterior polyimide 

coating. The capillaries connect the anode (inlet) to the cathode (outlet) reservoirs 

(Figure 1) and were typically 57 cm long (50 cm from the cathode reservoir to the 

detector). A detector window was created by burning off the polyimide coating 7 cm 

from the outlet; the detector cell volume was O(10~12 m3). Prior to each use, cap

illaries were conditioned according to the Beckman capillary replacement procedure 

(10 min high-pressure rinse with Beckman Capillary Regenerator Solution A, 5 min 

H2O, 10 min buffer).

The optimum detector wavelength was determined (for each sample suspension) 

by measuring the absorbance of a capillary filled with the sample suspension, af

ter a baseline was established for the background buffer, over the range of possible 

wavelengths. The optimum detector wavelength for all of the measurements was 214 

nm. The lower detection limit corresponded to an injected bacterial concentration 

of approximately 108 cells/ml for bacteria (data not shown), or 2500 cells (for an 

injected volume of 25 nl). For the microspheres, detection limits were reached at 1010 

particles/ml.
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Actual measurements were preceded by a prerinse with buffer (5 min for bacteria 

and 2 min for latex microspheres). Samples were introduced to the capillary using 

a 2 to 10-sec standard high-pressure (20 psi) injection. The injection time was a 

function of the sample absorbance. Typically a 5-sec injection was used, and for 

a 57-cm, 75-/zm ID capillary, the sample volume injected was approximately 25 nl. 

GDI was also injected electrokinetically using an applied electric field of 175 V/cm 

for 10 sec to introduce the sample to the capillary. Heating effects were avoided by 

maintaining the capillary at 25°C during the measurements and by performing an 

Ohm’s law test (32) to establish the operating conditions for which there is a linear 

relationship between the applied electric field and the current within the capillary. 

Applied electric fields ranged from 88-426 V/cm.

A neutral dopant, mesityl oxide (15,28), was added to the sample (2 /d of mesityl 

oxide into 400 yul of suspension) to mark the electroosmotic velocity. Measurements 

were made on the sample with and without the marker to verify that its addition 

did not affect colloid migration. Electrokinetic measurements were also performed 

on the background buffer and (for bacterial samples) on bacterial filtrate, which was 

obtained by passing the bacterial suspension through a 0.2-//m Acrodisc sterile filter. 

The measurements were repeated at least three times per sample.

A series of high-pressure rinses (5 min 0.1 N HC1, 5 min HgO, 5 min Beckman 

Capillary Regenerator Solution A, 5 min H20 , for bacteria; 5 min Beckman Capillary 

Regenerator Solution A, 5 min H20 , for latex) were conducted between successive
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measurements. Cathode and anode buffer reservoirs were replaced after three mea

surements to minimize the effect of electrode reactions on buffer composition (4). At 

the end of each period of experimentation, the capillary was prepared for storage by 

repeating the rinse procedure twice (for a total of three rinses). This standard rinse 

procedure was followed by successive 10-min high-pressure rinses using methanol and 

air, then the capillary was stored dry.

M icroelectrophoresis measurements

Electrophoretic mobilities were measured with a Lazer Zee Meter Model 501 (PenKem, 

Inc., Bedford Hills, NY). Measurements were made as indicated in the user’s manual, 

at room temperature. The model 501 is not thermostated and reports the data as a (- 

potential, which can be converted to electrophoretic mobility using the Smoluchowski 

equation (37), viz.

M =  ^ C, (B.2)

where /i is the buffer viscosity, e is the relative permittivity of the buffer and 6q is the 

permittivity of the vacuum (8.854 xlO-12 C2/N-m2). The parameter values internal 

to Model 501 are reference values for water at 20°C. Measurements were repeated at 

least ten times for each particle.
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R e s u l t s

Bacteria

Capillary electropherograms for the carrier buffer and the bacterial filtrate exhibited 

no electrophoretic peaks. The strength of the EOF was 7.13 ±  0.55 yum-cm/V-s (n =  

36). The marker did not affect the magnitude or the distribution of the electrophoretic 

mobilities among the bacteria. Preliminary experiments showed that results were also 

independent of the injection technique employed.

Electropherograms of A1264 and GDI exhibited two electrophoretic peaks, as 

shown in Fig 2. Neither A1264 nor GDI exhibited significant batch-to-batch varia

tion in their electrophoretic mobility modes, but some variation was observed in the 

fraction of the population associated with these modes (cf. Table I for GDI). Note 

that the mode mobilities, Mi and M2, vary little from batch to batch, and there is 

little variation in Mavg, the area-weighted average of Mi and M2. Similar results were 

obtained for A1264 (data not shown).

The third bacterium tested, PL2W31, exhibited only one electrophoretic peak 

(e.g. Fig 2) and batch-to-batch mobility variation. The mobilities of the batches 

were -0.51 ±  0.04 yum-cm/V-s (n =  5), -0.45 ±  0.04 yum-cm/V-s (n =  2), and -0.41 

±  0.02 yum-cm/V-s (n =  3).

Comparisons of CE and ME results are given in Table II. Differences in the mo

bilities obtained from the two techniques are listed as A =  Mce — Mme. The CE 

data for A1264 and GDI are reported as the mode mobilities and relative peak ar
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eas, averaged over all of the measurements; the quoted standard deviations are the 

mean standard deviations for the batches. No bimodal distribution was detected by 

ME for A1264 and GDI. Since batch-to-batch variability was evident with PL2W31, 

comparisons between the measurement techniques were based on results from a single 

culture for this microorganism. CE and ME measurements were not made on cells 

from the same culture for A1264 and GDI, as these organisms showed no significant 

batch-to-batch variability in Mavg (cf. Table I).

M icrospheres

Light microscopy of the microspheres showed monodisperse suspensions with the ex

ception of the PMMA particles, which exhibited significant aggregation. No elec

trophoretic peaks were observed with the baseline. The magnitude of the EOF 

was 10.77 ±  0.17 yum-cm/V-s (n = 9) in the 2 mM borate buffer and 6.60 ±  0.18 

/rm-cm/V-s (n =  8) in the 100 mM borate buffer. The marker had no effect on 

the magnitude or distribution of the electrophoretic mobilities for the latex spheres. 

Typical electropherograms for amidine and CML particles are shown in Fig 3. The 

results of the CE and ME measurements are summarized in Table II.

CE measurements on the heterogeneous PMMA suspension revealed a bimodal 

distribution in mobility (Fig 4; Table II). Aggregates of microspheres were appar

ent when the suspension was inspected with light microscopy. After sonication for 

1 hr, the PMMA aggregates were disrupted (i.e. the suspension was monodisperse 

as observed with the light microscope). CE measurements on the monodisperse sus
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pension yielded one electrophoretic peak (Fig 4). Additional CE measurements were 

conducted after time intervals ranging from 0 to 2.5 hrs to test for reaggregation of the 

microspheres. Time-dependent aggregation was apparent from both visual inspection 

(light microscopy) and the redevelopment of a bimodal distribution in electrophoretic 

mobility data (Fig 4).

D i s c u s s i o n

General agreement between the CE and ME mobility measurement techniques is indi

cated in the Fig 5 summary. Statistical differences in mean electrophoretic mobilities 

measured by CE and ME were investigated with a paired f-test (p =  0.40; 7), a sign 

test (p =  0.50) and a Wilcoxon-Signed rank test (p =  0.47; 14); differences between 

the means were insignificant. Systematic differences associated with the choice of 

colloid, pH, or ionic strength were not observed.

That CE agrees with ME is not surprising. Electrokinetic theory shows that, so 

long as the particle size is no more than a few percent of the capillary diameter, the 

influence of hydrodynamic interactions on the mobility measurement will be negligi

ble (25). Colloidal (e.g. van der Waals) and/or hydrophobic interactions between the 

analyte and the capillary wall can also bias the mobility measurement. Such interac

tions are well documented for proteins and other organic analytes (18,24,30), which 

tend to adsorb to quartz capillaries. Similar effects have been observed for 0.2 /mi 

hydrophobic polystyrene and polymethyl methacrylate particles in 25 /mi ID capil

laries (6). Analyte-wall interactions can be diminished by using capillaries of larger
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cross-sectional area (5,6), modifying the carrier buffer, or by using coated capillaries 

(34). Coatings that reduce wall interactions, however, often reduce EOF and increase 

analysis time.

Based on similar numbers of replicate measurements, standard deviations of CE 

results were typically much lower than those of ME measurements (Table II). This is 

probably because a single CE mobility measurement was based on: one, the analysis 

of a relatively large number (approx. 104) of particles; and two, the time required 

for the analyte to move distances on the order of 0.1 m in an electric field exceeding 

100 V/cm. By contrast, ME and related measurement techniques (22) detect particle 

translation over short distances (typically less than 100 yum) in weak fields (10 V/cm 

or less), and often rely on the observation of far fewer particles.

Two of the bacteria, A1264 and GDI, and one of the microspheres, PMMA, exhib

ited multimodal behavior during CE measurements. Similar distributions were not 

observed by ME. CE is a sensitive analytical separations scheme tailored to resolve 

mixtures of charged solutes on the basis of their electrophoretic mobilities. The sen

sitivity stems from the strength of the applied field and the uniformity of the particle 

velocities over the capillary cross-section. Thus, when a large number of particles is 

sampled, an electrophoretic histogram (and a more detailed picture) is obtained.

Related studies on bacterial sorption (3) suggest that the bimodal electrophoretic 

mobilities of the GDI and A1264 populations are due to intrapopulational hetero

geneities in surface charge, rather than aggregation, contamination, or artifactual
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peak splitting. Bimodal mobilities of cells have been observed in other contexts, 

where the bimodality was attributed to variation in surface structure (presence or 

absence of appendages or capsular material; 8) and surface antigens (38). Ebersole 

and McCormick (9) found that differences in chain morphology can cause multimodal 

behavior in electrophoretic mobility. Visual inspection confirmed that the cells used 

here were monodisperse. Spread plating revealed no major contaminant. The detec

tion limit for bacteria was approximately 2500 cells or roughly a tenth of the standard 

number of cells injected. The presence of a significant contaminant (observable with 

CE as a separate peak) should have been recognizable by direct visual observation or 

by differences in colony morphology following growth on solid media. The multiple 

peaks were in no way due to the carrier buffer, cell exudates, or mesityl oxide. Er

makov et al. (11) maintain (based on both theory and experiment) that artifactual 

peak splitting is avoided by buffering solutions at least 1 pH unit from the particle 

isoelectric point. Since bacterial isoelectric points are generally in the range of 2 to 4, 

depending on species and growth stage (16), and since the pH of the MOPS buffer was 

7.02, artifactual peak splitting is an unlikely source of observed multimodal mobilities.

The PMMA microspheres also exhibited a distribution in electrophoretic mobility. 

Direct visual observation showed both individual particles and aggregated clumps in 

suspensions used for the original CE and ME measurements. Sonication subsequently 

produced a monodisperse suspension of PMMA microspheres that yielded a single 

peak in corresponding electropherograms. Subsequent CE measurements on the same
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suspension showed the time-dependent evolution of a second peak. Within 2.5 hrs, 

the suspension was comprised of mainly aggregated particles, as indicated by visual 

inspection. Over the same period the area of the peak containing the monodisperse 

microspheres decreased while the second peak grew, presumably due to aggregation.

Despite the noticeable difference in the area under the peak in their respective 

electropherograms, the number of amidine and CML (Fig 3) particles injected was 

actually similar. A likely cause for this phenomenon is differences in the specific 

absorbance of the particles, as the area of an electrophoretic peak is a function of 

both the number of particles injected and the specific absorbance of the particles in 

question. Since both colloid volume fractions (less than 0.01 for both micro organisms 

and microspheres) and UV absorbances (typically less than 0.1 absorbance units) 

were low, detection artifacts associated with high particle concentrations are unlikely.

In the CE measurements, electro osmotic flow was characterized by doping the 

samples with a neutral marker, mesityl oxide. EOF measurements were reproducible 

for all of the carrier buffers tested. The standard deviation of the EOF in the 10 mM 

MOPS buffer (pH = 7.02) was roughly three times that of those obtained at both ionic 

strengths in the borate buffer (pH = 8.35). This probably was due to the neutral pH 

of MOPS solutions, since electroosmosis in uncoated capillaries is extremely sensitive 

to pH changes in the range of 4 to 8 (27).

GDI samples were injected both electrokinetically and by high-pressure. Elec- 

trokinetic injections have been known to bias samples (27), since analytes with lower
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(more negative) electrophoretic mobilities tend to remain in the sample vial. No 

difference in either the distribution or magnitude of the electrophoretic mobilities ex

hibited by GDI was observed in response to the change in injection technique (data 

not shown).

GDI exhibited multimodal behavior in electrophoretic mobility at relatively low 

field strengths (175 V/cm). Higher applied electric fields were required for A1264 

because, at low field strengths, microbial motility distorted the CE peaks. Attempts 

to uncover multimodal electrophoretic behavior in bacterial strain PL2W31 by in

creasing the applied electric field in the range of 350 V/ cm were unsuccessful.

The reproducibility of the CE data allowed batch-to-batch variations to be studied 

in the bacteria. A1264 and GDI showed variation in the distribution of their popu

lation between their respective mobility modes, though this had but a minor effect 

on the average mobility of the population. PL2W31 exhibited batch-to-batch vari

ability in its (unimodal) mean electrophoretic mobility. Investigators should be able 

to employ CE to help assess the influence of such variability on biophysical processes 

(e.g. attachment to surfaces), or alternatively, to help evaluate connections between 

variations in surface charge density and outer membrane structure and composition.

In summary, CE measurements of electrophoretic mobility were not distinguish

able from those obtained by ME. Based on similar numbers of replicate measure

ments, standard deviations of CE results were typically much lower than those of ME 

measurements. Distributed mobilities, which were readily observed with CE for two
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bacterial species and one of the polymer latices, could not be detected with ME.
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Table B.I: Batch-to-batch variation in the electropherogram of GDI. The number 
listed parenthetically with the batch number indicates the number of times the mea
surement was taken.

M i  W/avgt
Batch No. pm-cm/V-s p-m-cm/V-s % Peak 1 pm-cm/V-s

l(n  =  5) —2.29± 0.11 -2.60T0.12 31.8T10.8 -2.51 ±0.11

2(n =  3) —2.27± 0.09 -2.52±0.13 47.7±10.7 -2 .40±0.10

3(n =  5) —2.27±0.05 —2.71 ±0.12 61.2 ±  7.4 -2 .44±0.07  *

* Mi and M2 are, respectively, the mobility for the first and second modes in the 
electropherogram.
t Mavg is the area-weighted average of Mi and M2.



Table B.II: Comparison of electrophoretic mobilities as measured by capillary electrophoresis ( M c e ) and microelec
trophoresis ( M m e ) • The number listed parenthetically with the standard deviation indicates the number of times the 
measurement was taken.

Mg* Mce Mme
yum-cm/V-s yUm-cm/V-s % Peak 1 /im-cm/V-s yum-cm/V-s A*

Bacteria
A1264§ -1.48±0.05(7) -2.31 ±0.10(7) 28.9±3.6(7) -2 .07±0.07(7)^ -1.95 ±0.65(10)" -0.12
CD1§ -2.25 ±  0.07(18) -2.62 ±  0.11(18) 48.2 ±  8.6(18) -2.44 ±  0.08(18)^ -2.24 ±  0.32(10)" -0.20
PL2W31§ — — — -0.51 ±0.04(5)" -0.78±0.35(10)" 0.27

Microspheres
Amidine* ** — — — —1.79 ±0.18(3)
CML** — — — —3.42 ±  0.14(3)
PMMA** -4.41 ±0.08(3) -5.17 ±0.11(3) 78.8 ±3.1(3) -4.57±0.09(3)t 
Amidine'1'! — — — -1.95 ±0.17(3)
CMLb — — — -3.69 ±0.06(3)

-1.98 ±0.12(10) 0.19
-2.95 ±0.25(10) -0.47 
-4.73 ±0.39(10) 0.16
-1.78 ±0.21(10) -0.17 
-3.82 ±0.20(10) 0.13

* Mi and Mg are, respectively, the mobility for the first and second modes in the electropherogram. 
t Mce is the weighted average of M% and Mg.
 ̂A =  Mce — M me-
 ̂Measurements were made in MOPS buffer at pH = 7.02 and /  =  10 mM.
 ̂Mobility determined by measurements on multiple cultures of bacteria.

II Mobility determined by measurements on a single culture of bacteria.
** Measurements were made in borate buffer at pH = 8.35 and 1 = 2  mM.
^  Measurements were made in borate buffer at pH = 8.39 and I  =  100 mM.



Data Acquistition

Figure B.l: Schematic diagram of the capillary electrophoresis apparatus.
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Figure B.2: Typical electropherogram for bacterial cells. The measurement was made 
in 10 mM MOPS buffer with an injection interval was 5s. Unless indicated an electric 
field of 175 V/ cm was applied over a 57 cm column, a) Shown are the neutral marker 
peak (2.2 min) and two bacterial peaks (2.8 and 3.3 min) for species A1264. An 
electric field of 426 V/cm was applied over a 47 cm column for the separation, b) 
Shown are the neutral marker peak (8.9 min) and two bacterial peaks (12.5 and 13.6 
min) for GDI. The column length was 77 cm. c) Shown are the neutral marker peak 
(7.1 min) and a single bacterial peak (7.7 min) for PL2W31.
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Figure B.3: Typical microsphere elect,ropherogram. The measurement was made in 
100 mM borate buffer with an applied electric field of 350 V/ cm over a 57 cm column, 
a) Shown are the neutral marker peak (2.8 min) and a microsphere peak (3.5 min) 
for the amidine polystyrene microspheres. The injection interval was 10s. b) Shown 
are the neutral marker peak (2.8 min) and a microsphere peak (5.8 min) for the CML 
microspheres. The injection interval was Is.
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Figure B.4: Electropherograms of the PMMA suspension. The measurement was 
made in 2 mM borate buffer with an applied electric field of 175 V/ cm over a 57 
cm column. The injection interval was 5s. a) Shown are the neutral marker peak 
(4.2 min) and two microsphere peaks (7.0 and 7.7 min) for the polydisperse PMMA 
(prior to sonication). b) Evolution of bimodal electrophoretic mobility in PMMA 
suspensions. Electropherograms based on suspensions obtained immediately after 
sonication (-------- ) and 2.5 hrs after sonication ( ) are shown.
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Figure B.5: Comparison of the electrophoretic mobilities measured by CE and ME. 
The error bars are two standard deviations wide. The solid diagonal is a 1:1 line 
representing complete data agreement. The data are labeled according to the sample 
type.


