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This research details laboratory assessment of bacterial hydrophobicity, variations in
bacterial adhesion properties with growth and extended starvation as well as extension
of this assay to colloidal hydrophobicity measurement. Hydrophobicity is an integral
component of surface interactions and has been studied extensively for its role in a
number of engineering and applied fields. A simple-to-do and quick experimental
technique known as the Microbial Adhesion to Hydrocarbons (MATH) test is the
focus of this work. This method is based on determination of microbial hydrophobicity
by differential partitioning at an aqueous-hydrocarbon interface and the results yield
the hydrocarbon interaction affinity of the microbes. Though very popular, this assay
still suffers from the lack of a standard protocol. As a first step in that direction, the
effects of various operational parameters on MATH hydrophobicity measurements
were studied. Some of the previously unexplored parameters like, absorbance
wavelength, hydrocarbon saturation of aqueous media and suspension medium were
found to affect the results. Application of a high concentration of a lyotrope,
ammonium sulfate, was shown to enhance the MATH hydrophobicity of bacteria.

Additionally, cell size measurements revealed that the affinity of sulfate ions for water
molecules is the primary cause of this increase rather than cell agglomeration.
Increased hydrophobicity can be beneficially employed for oral care, prevention of
urinary tract infection and mixed microbial community analysis.
Bacteria are often subjected to nutrient variations in different environments which
significantly alter their adhesion to surfaces thereby affecting biofilm development
and have an important bearing on biofouling. An in-depth study of variations in some
of the more common adhesion determinants (biomass, cell size and hydrophobicity)
demonstrated a decrease in hydrophobicity from log-growth to stationary growth
phases. Short term starvation (up to 7 days) led to significant variations in measured
parameters. Starved cells were also more susceptible to hydrocarbon exposure and
exhibited smaller cell sizes than growth cultures.
Colloids, the larger particle family of which bacteria are a sub-class, lack a simple
assay for hydrophobicity measurement. The MATH test was successfully extended to
colloidal domain (non-biological particles) and the hydrophobicity results were
verified against the more traditional method- water contact angle measurement. We
observed similar hydrophobicity trends, as measured by the MATH test and contact
angle measurements, for most of the colloids tested in this work. This dissertation
research is expected to enhance our understanding of hydrophobicity in the context of
bacteria and colloids, through simple experiments, and reinforce our knowledge of the
dynamic nature of bacteria.
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Bacterial Hydrophobicity: Assessment Techniques, Applications and
Extension to Colloids

CHAPTER 1

INTRODUCTION

2
1. INTRODUCTION
Understanding the phenomenon governing the interactions between bacteria
and solid surfaces is essential to the success of many biological systems. Applications
of microbial adhesion are widespread and include infection of medical implants,
bioremediation, deep-bed filtration, oral cavities, food products infection, biofilms,
etc. (van der Mei et al. 1993; Colloca et al. 2000; Ginn et al. 2002; Krepsky et al.
2003; Camesano et al. 2007; De Rossi et al. 2007; Wood and Ford 2007). These
interactions also govern the transport of bacteria in natural and engineered systems.
Despite such varied applicability, our knowledge of microbial adhesion processes and
their effect on microbial transport is very limited (Bonilla et al. 2007; Tufenkji 2007).
A number of natural and engineered processes like subsurface bioremediation,
deep bed filtration, fermentation, microbial transport through porous media, medical
implant infection, etc. suffer from “inherent” multiple length-scale phenomena. In
other words, although these processes are manifested at much larger length scales (on
the order of several centimeters to meters), they actually originate from interactions
taking place at the microbial surface. Such interfacial interactions, involving cell
surface features and solid surfaces (or fluid interfaces), generally occur at a much
smaller length scale of few nanometers to microns (Ginn et al. 2002; Wood and Ford
2007).
Even at the microbial level, two disparate length scales are of importance:
interfacial (involving cell surface features, ~few nm), and whole cell level (~1-2 µm).
Unlike colloids, bacteria have complex surface and structural features which
complicate microbe-surface interaction studies. Bacterial surfaces are covered with
any combination of polysaccharides (capsular and glycocalyx), lipopolysacchrides
(LPS), lipo-proteins, lipids, lipoteichoic acids, teichuronic acids, covalently and noncovalently bound proteins, etc., as well as surface appendages like fimbriae, pili,
fibrils, and flagella (Hancock 1991). These surface structures impart physicochemical
properties like surface charge and surface free energy to bacteria. However, these
structures are not spatially or temporally constant and vary with changes in
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environmental conditions, and as a result of mutations and gene transfers between
organisms (genotypic expressions) (Hancock 1991). Rapid changes can occur in cell
physico-chemical features as a result of growth, changing environmental conditions as
well as in presence of specific surfaces. Similarly, cells can modify their structure and
functions as survival mechanism under adverse conditions.
Microbial interactions are usually classified as either specific (ligand-receptor
or adhesin-receptor) or non-specific (governed by physicochemical factors). Specific
(stereochemical specificity) interactions require an adhesive cell surface structure
(called ligand or adhesin or lectin) and a complimentary moiety on the receiving
surface (Beuth and Uhlenbruck 1995; Fletcher 1996). Non-specific interactions, on the
other hand, are mediated by interaction forces (electrostatic, van der Waals), surface
charges, surface macromolecules, hydrophobic interactions, H-bonding, etc. Specific
adhesion is more common for attachment of cells to other cells or bio-membranes
(Beuth and Uhlenbruck 1995). Non-specific attachment is more common for aquatic
bacteria (Fletcher 1996) as well as for microbe-mineral interactions (Mills and
Powelson 1996).
Non-specific interactions are significant for microbial interactions of interest to
environmental engineers. Among non-specific interactions, hydrophobic interactions
and surface-macromolecular interactions have received considerable attention.
Hydrophobic attachments studies span from environmental engineering to food
processing industry, medicinal science, dairy and poultry industry, etc (Rosenberg and
Doyle 1990; van der Mei et al. 1993; Lee and Yii 1996; Guellil et al. 1998; Palmgren
et al. 1998; Ocana et al. 1999). Surface hydrophobicity is known to be involved in
cell-cell, cell-mineral, and cell-tissue interactions as well as partitioning at liquidliquid, solid-liquid or liquid-air interfaces (Zikmanis et al. 2007).

This dissertation research is aimed at an improved understanding of nonspecific bacterial adhesion at two disparate length scales. We studied the interfacial
scale effects of LPS heterogeneity on microbe-surface interactions. At whole-cell
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scale, we conducted in-depth study of bacterial hydrophobicity and extended our work
to cover the (non-biological) colloidal domain as well. Next few sections contain a
detailed description of some of the related concepts, which is followed by chapter
layout of this doctoral thesis.

1.1 Bacterial Cell Surface
As mentioned earlier, the bacterial cell surface (outer membrane) is covered
with numerous macromolecules (Fig. 1.1). Of these, lipo-polysaccharides are
predominant for Gram-Negative bacteria and were the focus of our interfacial work.
This class of bacteria comprises the majority of culturable bacteria in aquatic
environments (Fletcher 1996). Escherichia coli JM109 surface is comprised of 75%
LPS and rest proteins (Amro et al. 2000). About 3.5 million LPS molecules cover the
surface of a gram-negative cell (Smit et al. 1975; Nikiado and Vaara 1987; Rietschel
et al. 1994).

Fig. 1.1. A schematic of the outer membrane for a Gram-negative bacterium.
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LPS molecule is composed of three constituents (Fig. 1.2): a hydrophobic
glycolipid moiety called “Lipid A”, a hydrophilic heteropolysaccharide termed as
“core polysaccharide”, and a relatively long polysaccharide chain known as “Oantigen or O chain” (Mayer et al. 1985; Raetz 1990; Rietschel et al. 1994). Hence, it is
an ampiphilic molecule in nature, with the hydrophobic end embedded in the outer cell
membrane and a hydrophilic chain projected away from the cell surface. LPS
molecules have been known as endotoxin for a long time, because of their ability to
act as potent bacterial toxins when released in a suspension (by cell lysis or cell
multiplication). It is now known that Lipid A is responsible for this toxic nature of
LPS and has been well recognized constituent of LPS for over half a century (Mayer et
al. 1985; Rietschel et al. 1994). Lipid A is embedded in the outer membrane of gramnegative bacteria, at one end, and act as the anchor for LPS molecules. It is connected
to the rest of LPS chain through 3-deoxy-D-manno-octulosonic (or 2-keto-3deoxyoctonic) acid, also known as KDO. Lipid A along with KDO is the most
conservative region of the gram-negative bacteria and imparts viability to cells (Raetz
1990; Rietschel et al. 1994).

Fig.1.2. Lipopolysacchride (LPS) structures of E. coli strains and S. oneidensis MR-1 (wild
type strain).
Core polysaccharide is further divided into “inner” and “outer” regions. KDO and
heptose constitute the inner core, while the outer core consists of hexose and hexosamine
groups. The O-antigen is the most heterogeneous constituent of bacterial LPS and is a
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polymeric oligosaccharide with repeating units of one to eight glycosyl residues. The structure
of these repeating units is strain dependent and exhibits considerable heterogeneity in length
even for the same culture (Mayer et al. 1985; Rietschel et al. 1994). This heterogeneity can be
attributed to the fact that bacteria synthesize various LPS molecules with different length of
O-specific chains (Rietschel et al. 1994). For E. coli, the number of these repeat units in Oantigen could vary from 0 to 40. AFM images of E. coli JM109 have shown that O-antigen
lengths can be up to 40 nm (Kotra et al. 1999). In addition, it was observed that O-antigen
repeat units varied from 1 to 26 for JM 109 and roughly half the LPS had zero to three repeat
units, thus giving a clear indication of heterogeneity in LPS length and distribution for the
same strain. It was also noted that LPS molecules exist as tightly bound groups of 600 to 3500
molecules (Kotra et al. 1999). Since the O-antigen is known to have different conformations,
the actual length of LPS projected into the surroundings is variable (Kastowsky et al. 1992;
Burks et al. 2003). Detailed description of chemical structures, synthesis, and functions of
LPS components is available (Mayer et al. 1985; Raetz 1990; Rietschel et al. 1994).
Based on the presence and length of constituents, LPS is divided into smooth, rough
and deep-rough forms. The bacteria possessing all the three LPS components are known as
“smooth” to account for the bending of O-antigen that renders smoothness to cell surface and
protects inner hydrophobic regions. Cells having no O-antigen are termed as “rough”, while
bacteria with just Lipid A and KDO are known as “deep-rough” strains. Figure 1.2 presents
the schematics of LPS structure of three mutant strains of E. coli K-12 with varying LPS
lengths. An advantage of using these strains is the availability of previous studies for
comparison as well as the absence of any pili or flagella (Burks et al. 2003; Walker et al.
2004). An approximate estimate of length of each individual LPS component is also presented
in Figure 1.2, actual length (especially for O-antigen) is however subjected to a number of
parameters, including substrate/nutrient availability, environmental conditions, O-antigen
motion, etc (Burks et al. 2003).
Shewanella oneidensis MR-1 (wild type) is a gram-negative dissimilatory metal
reducing bacteria and is being extensively studied as a model organism for remediation of a
number of DOE sites contaminated with metals (Tiedje 2002) as well as for microbial fuel
cells (Logan and Regan 2006). It has an outer surface similar to E. coli D21, lacks O-antigen
and is a “rough” strain (Lower 2005). It has a unique linkage unit between Lipid A and core
polysaccharide, namely 8-amino-3, 8-dideoxy-D-manno-octulosonic acid (8-amino KDO) and

7
an open-chain form of N-acetylgalactosamine in outer core (Vinogradov et al. 2003). This
bacterium is also known to lack a capsular polysaccharide (Korenevsky et al. 2002).

1.2 Interfacial Interactions
The major interfacial forces in the aqueous media are Van der Waals,
electrostatics and Lewis acid-base interactions. The Van der Waals interactions consist
of three different phenomena: (a) randomly orienting dipole-dipole interactions
(Keesom interactions), (b) randomly orienting dipole-dipole induced (or induction)
interactions (Debye interactions), and (c) fluctuating dipole-induced dipole (or
dispersion) interactions (London interactions) (van Oss 1994). Of these, the LondonVan der Waals interactions are always present (unlike Debye and Keesom forces) and
important, especially for aqueous systems, and could be either attractive or repulsive.
However, between two similar surfaces, the London-Van der Waals forces are always
attractive. These forces have a long-range and could be effective from large distances
(> 10nm) to interatomic distances (~ 0.2 nm) (Israelachvili 1992; van Oss 1994).
Electrostatic forces arise as a result of interactions between charged surfaces which are
very common in polar (especially, aqueous) media and are repulsive in nature. The
rate of decay of these forces is very steep and is also a function of the ionic strength of
the interacting medium (apart from the separation distance). These forces along with
Van der Waals interactions form the basis of traditional DLVO theory of colloidal
stability. A third type of force, Lewis acid-base interactions, has also been recognized
recently as an important component of the interfacial forces. These include both
attractive (hydrophobic interactions) and repulsive (hydration pressure) forces and
could be up to couple of orders of magnitude higher than the DLVO forces (van Oss
1994). These forces are based on the electron acceptor-electron donor interactions
between polar moieties.

1.2.1 Hydrophobic Interactions
Hydrophobic interactions are mostly entropic in nature and arise due to the
inability of the so-called “hydrophobic” molecules to form hydrogen bonds with water
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molecules. These molecules (or substances) are non-polar in nature and hence the
entropy of interactions with water is very high. In bulk water phase, the water
molecules are in a network of H-bonds with neighboring water molecules. However,
the presence of hydrophobic molecules (like, organics or hydrocarbons) in their midst
leads to a decreased possibility of H-bonds. This is more prominent for water
molecules between two hydrophobic surfaces. In such a scenario, it is much more
energetically favorable for the surfaces to be in contact with each other and to squeeze
the water molecules to the bulk phase. For hydrophobic molecules in the bulk water
phase, it is hypothesized that the water molecules reorient themselves around the
hydrocarbon molecules thereby minimizing the loss of H-bonds. These interactions
have been measured to be long-range (up to 80 nm) and decay exponentially in the
range 0-10 nm (for two macroscopic curved hydrophobic surfaces in water). It is to be
noted that hydrophobic molecules actually “attract” water molecules due to dispersion
forces, however this attractive force is less than that of water molecules for each other
(Israelachvili 1992; van Oss 1994). Additionally, although the association (or coming
together) of two hydrophobic molecules in water will cause a decrease in entropy; it is
more than offset by configurational entropy increase associated with water molecules.

Some other forces or interactions are sometimes considered based on the
system of interest. An example is the steric forces in case of particles covered with
polymers, of which bacteria are a good example. These forces arise as a result of
compression of these macromolecules. For a detailed description of the forces between
interacting surfaces, the readers are referred to the works of Van Oss (van Oss 1994),
Jacob Israelachvili (Israelachvili 1992) and Menachem Elimelech (Elimelech et al.
1998).
Our interest was in investigating the effect of the heterogeneity in length and
spatial distribution of the LPS from the four Gram-Negative bacteria presented in
Figure 1.2. Specifically, AFM was employed to determine the LPS-surface
interactions forces at nano and micro-scales and we attempted to develop an interfacial
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scale model to explain these interactions. The details of this research are attached as an
appendix chapter as this work could not be finished. However enough details are
provided (along with hypothesis, results and model simulations) for an interested
researcher to continue this work.

1.3 Bacterial Hydrophobicity
Hydrophobicity is generally interpreted (literally) as “water-repellency” or to
refer to the property of surfaces to “hate” water or a tendency against getting waterwet. While this may be true for a number of surfaces (which may only be wetted by
water to a certain degree), the same does not hold for bacterial surfaces. In fact, most
of the bacteria are readily wetted by, dispersed and suspended in water, even though
they may be quantified as hydrophobic by various hydrophobicity measurement assays
(Rosenberg and Doyle 1990).
Hydrophobic interactions have been studied extensively as a crucial
component of surface forces and surface-surface interactions. It has been shown that
these long-range forces are much larger in magnitude than van der Walls interactions
and are usually treated as Lewis acid-base forces in theory (van Oss 1994).
Hydrophobicity is often considered critical for initiating bacterial adhesion through
non-specific interactions (Elimelech et al. 1998). Bacterial adhesion finds numerous
applications across a wide variety of areas ranging from engineering (such as water
treatment, bioremediation, oil recovery) to applied microbiology and medicinal
sciences. Some of the adverse effects of bacterial adhesion could be classified broadly
as biofouling, which encompasses medical implant infections, pathogenesis,
distribution pipeline fouling, ship hull fouling, contamination of food and dairy
products and biocorrosion; collective cost of which runs into hundreds of billions of
dollars annually (Characklis 1990; Flemming 2002). Hence study of bacterial adhesion
and in turn, bacterial hydrophobicity assumes great significance.
A number of laboratory assays are available for measuring bacterial (or
microbial) hydrophobicity. Chief among these are contact angle measurement (CAM),
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microbial adhesion to hydrocarbons (MATH), salt aggregation test (SAT),
hydrophobic interaction chromatography (HIC), attachment to hydrophobic beads and
AFM-based interactions (Rosenberg and Doyle 1990). Most of these techniques are
time and resource intensive and may require modifications to microbes (e.g., drying
for CAM). Of these, MATH is a simple to do and quick method of hydrophobicity
assessment and requires easily accessible laboratory equipment such as vortex mixer
and spectrophotometer. This assay has found wide-spread applications in
bioremediation,

microbial

adhesion

and

transport,

enhanced

oil

recovery,

pathogenesis, oral hygiene, food contamination and mixed microbial community
analysis (Rosenberg 1991; Rosenberg 2006).

1.4 Chapter Layout
Despite its wide-spread applicability, the MATH assay still lacks a standard
protocol. Previous studies have investigated the effects of variations in some of the
operating parameters like vortex duration, hydrocarbon selection and hydrocarbonaqueous phase volume ratio (Rosenberg et al. 1980; Hori et al. 2008). Other
parameters including, absorbance wavelength, phase separation period and
hydrocarbon saturation of the aqueous phase are yet to be tested. Standardization of a
technique allows for uniform application and easier comparison between results
obtained in different studies. A first step in that direction is the assessment of the
effects of variations in operational parameters on the MATH test results (Chapter 2).
The efficiency of a number of processes can be improved by enhancing the
hydrophobicity or hydrocarbon-affinity of bacteria. The examples include oral care,
urinary infections, oil recovery, in situ bioremediation, etc. Modification of the MATH
assay by adding high concentration of lyotrophic salts (e.g., ammonium sulfate) is
known to increase the hydrocarbon affinity of the bacteria (Rosenberg 1984). The
proposed mechanism is the cell aggregation due to high salt content of the suspension
phase, although the affinity of sulfate ion for water molecules is also a known
phenomenon (Boschetti and Jungbauer 2000). This modification not only enables the
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hydrophobicity quantification of weakly hydrophobic bacteria, but allows for
distinction between closely related mutants of the same bacterial strain (Chapter 3).
Hydrophobicity has also been studied in the context of biofouling, which is
synonymous with unwanted biofilm development (Flemming 2002). Nutrient
availability is a common divergent variable for bacteria and, depending on the setting
of interest the bacteria may be either subjected to nutrient-rich conditions (food and
dairy processing, medical implants, bioremediation, etc.) or have to contend with
nutrient-deprivation (heat exchangers, distribution pipes, etc.). Growth and starvation
conditions are known to affect some of the bacterial properties like, hydrophobicity,
size and biomass; variables which are also crucial to bacterial adhesion and transport.
Hence a detailed investigation of the variation in these properties under nutrient-rich
and starvation conditions is necessary (Chapter 4).
Bacteria are an integral part of a larger particle class- colloid, and are
sometimes referred as bio-colloids. Particles with sizes in the range 1 nm-10 µm are
usually classified as colloids and microbes (including bacteria, viruses, etc.) fall into
that category. Colloids find numerous industrial applications as well as are critical to
various experimental studies, especially those related to colloid-assisted contaminant
transport. Hydrophobicity is known to affect their mobility, aggregation and
attachment characteristics (McCarthy and Zachara 1989; Breiner et al. 2006); yet no
easy and quick experimental technique is available for hydrophobicity assessment of
colloids. MATH and salt-assisted MATH assays can fill this void by yielding a quick
estimation of hydrophobic interaction affinity of these particles (Chapter 5).
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2.1 Abstract
Adhesion and transport of microbes is influenced by their hydrophobic
characteristics. Applications of hydrophobicity measurements include biofouling,
bioremediation, wastewater treatment, oil recovery, pathogenesis, medical implant
infections, and other microbial disciplines. The microbial adhesion to hydrocarbons
(MATH) test is an easy-to-conduct assay for cell surface hydrophobicity (CSH)
measurement based on differential partitioning of microbes at a hydrocarbon-aqueous
interface. Although this procedure is known to be sensitive to variations in operating
parameters, no uniform standard protocol is available. The objective of this study is to
determine the effect of variations in the operational conditions of the protocol on the
results of the MATH test. Six different operating parameters (vortex duration, phase
separation period, hydrocarbon-aqueous phase volume ratio, hydrocarbon selection,
absorbance wavelength, and suspension medium) were varied. Four gram-negative
bacteria were used as test strains. All parameters, except for phase separation period,
significantly

affected

the

hydrophobicity

measurements.

Additionally,

the

hydrocarbon saturation of the suspension medium was determined to be a critical
factor for growth medium suspensions. The results reported here are expected to help
researchers in selection of operational parameters for conducting MATH tests as well
as enhance our understanding of this technique and serve as a stepping stone towards
the development of a standard protocol to enable qualitative and quantitative
comparison of MATH test results across different studies.

2.2 Introduction
Hydrophobicity is a key factor in determining the adhesion potential of
microbes to surfaces. Some important surfaces of interest are medical implants, biomembranes, hydrocarbons, oral cavity, food products, and engineered biological
systems like in-situ bioremediation and wastewater treatment. Thus, knowledge of cell
surface hydrophobicity is of interest to medicinal sciences, food processing,
environmental engineering, biological systems design and other microbial disciplines.

18
The microbial adhesion to hydrocarbons test (MATH) is a commonly used
laboratory assay for determining the surface hydrophobicity of microbes. This
technique is based on differential partitioning of microbes at a hydrocarbon-aqueous
interface and is a rapid means of assessing surface hydrophobicity. Originally
developed for bacteria in 1980 (when it was termed the BATH -bacterial adhesion to
hydrocarbons- test) (Rosenberg et al. 1980), this method has since been extended to
other microbes as well (and hence, renamed as MATH) (Rosenberg and Doyle 1990).
This technique has been used widely in broad areas of environmental engineering
(wastewater treatment, biofiltration, bioremediation) (Guellil et al. 1998; Palmgren et
al. 1998; Baldi et al. 1999; Trachoo and Brooks 2005; De Rossi et al. 2007; Sharma et
al. 2007), medicinal sciences (pathogenesis, implant infection) (Lee and Yii 1996;
Onaolapo et al. 1997; Ocana et al. 1999; Krepsky et al. 2003), food and dairy industry
(food and poultry infection) (van der Mei et al. 1993; Ly et al. 2008), microbial
transport (Bolster et al. 2006; Gargiulo et al. 2008), and oral hygiene (van Raamsdonk
et al. 1995; Colloca et al. 2000).
Briefly, the method consists of measuring the visible-absorbance of the
aqueous phase before and after vortex mixing a microbial suspension with a
hydrocarbon in a certain volume ratio and allowing for phase separation. The
difference in visible- absorbance is used as the measure of number of microbes that
have partitioned into the hydrocarbon phase. The results from MATH tests are often
reported as “cell surface hydrophobicity” (CSH), and are generally presented as the
percentage of cells that partitioned into the hydrocarbon phase.
Although this method is known to be susceptible to changes in operating
conditions (Pembrey et al. 1999), there is no single standard protocol available. Table
S 2.1 provides a summary of the various operating conditions used by researchers over
the years. The standardization of any technique allows an objective comparison of
measured properties by different users. A first step in this direction is to quantify the
effect of the MATH test operating parameters on the resulting surface hydrophobicity
measurements. A limited number of studies have reported the effects of variations in
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some of the operating parameters on MATH test results. Most commonly varied
parameters have been hydrocarbon selection (Rosenberg et al. 1980; Rosenberg et al.
1982; Sanin et al. 2003; Sharma et al. 2007), hydrocarbon-aqueous phase volume ratio
(Rosenberg et al. 1980; Rosenberg et al. 1983; Sharon et al. 1986; Hori et al. 2008; Ly
et al. 2008), and vortex duration (Lichtenberg et al. 1985; Baldi et al. 1999; Hori et al.
2008). Commonly used values for some of these parameters ranged between 0 to 5
min vortex duration, 5 to 45 min of phase separation period, 0.01 to 1 volume ratio of
hydrocarbon to aqueous phase, 400 to 660 nm absorbance wavelength and different
hydrocarbons (benzene, toluene, dodecane, octane, etc.) (for a detailed listing, please
refer to supporting information, Table S 2.1). No existing study discusses the effects
of variations in suspension medium (growth vs. non-growth), phase separation period
or absorbance wavelength on the MATH test results. Moreover, most of these
investigations were limited to the study of variation in just a single parameter and
hence the availability of complete MATH test sensitivity data for a single microbe is
doubtful. The wide spread use of the MATH test despite non-availability of a standard
protocol calls for studies related to development of a standardized test procedure. This
study is a first step in standardization of the MATH test and is aimed at measuring the
assay sensitivity to some of the operational parameters.
The current study evaluates the effects of variations in six operating conditions
on cell surface hydrophobicity (CSH) measurements by the MATH test. Four gramnegative bacteria were tested in this study, as this class of bacteria comprises the
majority of culturable bacteria in the aquatic environment (Fletcher 1996). Three
mutant strains of Escherichia coli K-12 (JM109, D21, and D21f2) and Shewanella
oneidensis MR-1, a dissimilatory metal reducing bacterium (DMRB), were used as
study organisms. All the bacteria investigated here have previously been studied for
their role in biofouling and corrosion (Li and Logan 2005; Zhao and Liu 2006; Herrera
and Videla 2009). The operational conditions that were varied in this study include
vortex duration, phase separation period, hydrocarbon-aqueous phase volume ratio,
hydrocarbon selection, absorbance wavelength, and suspension medium (growth and
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non-growth). Cell size measurements were carried out for cells subjected to different
hydrocarbons and hydrocarbon saturation of the suspension medium was also
investigated to better understand the experimental observations. The results of this
study are expected to serve as guidelines for selection of MATH test operating
parameters, as well as help in the development of a standardized protocol.

2.3 Materials and Methods
2.3.1 Bacterial cultivation and growth conditions
The stock culture for wild type Shewanella oneidensis MR-1 (ATCC #700550)
(54) was obtained from the Pacific Northwest National Laboratory (Richland, WA).
Escherichia coli K-12 strains D21 (CGSC# 5158), and D21f2 (CGSC# 5162) were
obtained from the NSF-supported E. Coli Genetic Stock Center (CGSC), Yale
University (New Haven, CT). E. coli JM 109 (ATCC # 53323) was purchased from
New England Labs, MA (catalog # E4107S). Cell growth media consisted of 40%
Tryptic Soy Broth (TSB) (12 g/l) for S. oneidensis MR-1, while the E. coli strains
were cultivated in 25 g/l Luria Bertani (LB) in DI. Cells were grown at 30°C with
constant shaking, while the MATH experiments were conducted at room temperature.
Cell inocula were grown from frozen stocks as 10 ml cultures in 50 ml centrifuge
tubes. These cultures were harvested at 22 hours and diluted in 1:100 ratio in
corresponding growth media to a final volume of 125 ml, in 250 ml glass bottles. Test
cultures were grown for 22 hours, to late stationary growth phase in fully closed
centrifuge tubes.
The test cultures were centrifuged at 9000 rpm (8422 x g) for 7 minutes, in an
AllegraTM 21 Centrifuge (Beckman Coulter) to harvest cells. These cells were washed
once (8422g, 7 min) in either the growth (40% TSB for Shewanella cells or 25 g/l LB
for E. coli cells) or non-growth (10 mM KCl) medium, and resuspended in the same
medium. The absorbance of microbial suspensions at this stage acted as controls
(Acontrol) for the MATH test experiments.

21
2.3.2 Microbial Adhesion to Hydrocarbons (MATH) Test
The default version of the MATH test adopted for this study has been
previously described elsewhere (Pembrey et al. 1999). Briefly, 4 ml of cell suspension
was added to 1 ml dodecane in a glass culture tube (9 ml volume, 13x100 mm) and
vortexed at “fast” setting for 2 minutes using a Vari-Whirl Mixer (VWR United). The
suspension was allowed to rest at room temperature for 15 minutes to ensure
hydrocarbon-aqueous phase separation. A portion (ca. 0.75 ml) of the aqueous phase
was carefully withdrawn, from near the base of the culture tube, using disposable
polyethylene transfer pipettes (VWR) and its absorbance (wavelength = 400-600 nm)
was measured using a UV/VIS spectrophotometer (DU 530, Beckman Coulter). A
semi-micro quartz cuvette (VWR, CA), with 10 mm path length, was used for
absorbance measurements. The cuvette was cleaned by DI between triplicates of the
same sample and by ethanol and DI between different samples. Corresponding growth
or non-growth suspension medium was used as a blank for absorbance measurements,
depending on the experiment. This absorbance was then compared to the absorbance
of control cultures (as described in the previous section). The change in aqueous phase
absorbance due to hydrocarbon addition acted as a measure of microbes that
partitioned into the hydrocarbon phase. Cell surface hydrophobicity (CSH) was
calculated as
CSH (%) = 100 

Acontrol  AMATH
Acontrol

where, Acontrol is the absorbance of the control culture not subjected to the MATH test
(as described in the previous section) and AMATH is the aqueous phase absorbance of
the cell culture subjected to the MATH test.
The default version of the MATH test was modified by using seven different
values of vortex duration (0, 0.5, 1, 1.5, 2, 3, and 4 min). Similarly, effects of
variations in phase separation period were simulated by employing eight different
values for separation time (0, 5, 10, 15, 20, 30, 45, and 60 min). The effect of
hydrocarbon-aqueous phase volume ratio was determined by using seven different

22
volumes of dodecane (0, 0.5, 1, 1.5, 2, 3, and 4 ml) for the four test strains, while
keeping the aqueous phase volume fixed at 4 ml. This translates into seven different
hydrocarbon-aqueous phase volume ratios, ranging from 0 to 1. These values were
chosen to prevent saturation of hydrocarbon phase by bacteria that could potentially
lead to auto-aggregation of cells. Four different hydrocarbons (hexane, octane,
octanol, and dodecane) were employed to study the effect of hydrocarbon selection on
the MATH test results. Only one of the above-mentioned four parameters was varied
at a time, while keeping all other parameters constant. Each of these experiments was
simultaneously conducted for two different suspension media, growth and non-growth,
as well as for an absorbance wavelength range of 400-600 nm, with a step size of 5
nm. All tests were carried out in triplicate. To maintain consistency, all the culture
tubes used in this study were cleaned with detergent and water, rinsed 4-5 times with
DI water, baked in an oven at 125 °C for 1-2 hours, and cooled to room temperature
prior to use.
Hydrocarbon saturation of aqueous medium was studied by performing the
MATH test on cell-less suspension media, with dodecane as the preferred
hydrocarbon. Aqueous phase absorbance was measured over the wavelength range of
400-600 nm and was used as an approximate indicator of the effect of hydrocarbon
saturation of the suspension media on the MATH test results. These values correspond
to the amount of absorbance attributable to hydrocarbon droplets that partition over to
aqueous phase during the MATH assay.

2.3.3 Cell size measurements
Cell size (equivalent spherical radius) was measured using a MultisizerTM 3
Coulter Counter (Beckman Coulter) with Isotone II diluent and 20 µm aperture tube
(Beckman Coulter). 4 µl of bacterial sample was diluted with 20 ml of diluent in
Acuvette II (Beckman Coulter) sample vials and cell size distribution was measured.
These measurements were performed for S. oneidensis MR-1 cells, subjected to the
MATH test with different hydrocarbons.

23
2.4 Results
2.4.1 Effect of variations in vortex duration
Vortex duration variations significantly affected MATH test results, as
demonstrated by the CSH trends in Figure 2.1. Different trends of CSH were observed
for growth (Fig. 2.1(a)) and non-growth (Fig. 2.1(b)) suspensions. S. oneidensis MR-1
cells exhibited an ascending trend in growth suspension, and a descending trend (until
up to 3 minute vortex duration) when suspended in non-growth buffer. An exact
opposite relationship was observed for E. coli D21f2 cells, where growth suspension
exhibited a descending, and non-growth suspension showed an ascending CSH trend
with vortex duration. Non-growth suspensions of E. coli D21 and JM 109 strains did
not show substantial variation with changes in vortex duration (Fig. 2.1(b)). E. coli
strains were found to be mostly hydrophilic (CSH ≤ 0) over all the vortex durations
tested, except for non-growth suspensions of strain D21f2. S. oneidensis MR-1 cells,
on the other hand, were hydrophobic. Interestingly, non-growth suspensions were
more hydrophobic than corresponding growth suspensions, for the vortex durations
investigated here.

2.4.2 Effect of variations in phase separation period
Phase separation period did not significantly affect MATH test results for a
given suspension medium, except for S. oneidensis MR-1 growth suspensions
(supporting information, S 2.2(a)). E. coli cultures did not show any trends in CSH
values for changes in phase separation period (Supporting information, S 2.2). S.
oneidensis MR-1 growth suspensions initially exhibited a small decreasing CSH trend
up to 20 minutes of phase separation. An ascending trend was observed for higher
phase separation periods. Non-growth suspensions exhibited higher surface
hydrophobicity than corresponding growth suspensions, except for E. coli JM 109. In
the case of non-growth Shewanella cell suspensions, no specific trend was observed.
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(a)

(b)

Figure 2.1. The effect of vortex
duration on CSH measurements
by the MATH test for different
strains
in
(a)
growth
suspensions, and (b) non-growth
suspension.
These
results
represent average of three
samples and correspond to an
absorbance wavelength of 600
nm. Other MATH test parameter
values were fixed as 15 min
phase separation, 4 ml cell
culture and 1 ml dodecane. The
hydrophobic
strains
are
represented by solid symbols
and hydrophilic strains by open
symbols.

2.4.3 Effects of variations in hydrocarbon-aqueous phase volume ratio
Hydrocarbon-aqueous phase volume ratio significantly affected the MATH
test, as demonstrated by CSH trends for different bacterial strains (Figs. 2.2).
Generally, an increase in hydrocarbon volume was observed to result in a higher CSH
value. The ascending trend was very prominent for S. oneidensis MR-1 cells
suspended in non-growth medium (Fig. 2.2(b)). Similar trends were also observed for
non-growth suspensions of E. coli strains D21f2 and JM 109, although the trends were
not as prominent as for Shewanella cells (Fig. 2.2(b)). Non-growth D21, and growth
suspensions of D21f2 and JM 109 were observed to be mostly insensitive to changes
in hydrocarbon volume. Suspension medium also influenced the MATH test
conducted with different hydrocarbon volumes. Non-growth suspensions, generally
exhibited higher hydrophobicity and more prominent ascending trends than
corresponding growth suspensions (Fig. 2.2(b)).
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(a)

(b)

Figure 2.2. Effects of variations
in hydrocarbon (dodecane)
volume on CSH measurements
by MATH test for different
bacterial strains in (a) growth,
and (b) non-growth suspensions.
Results are means of three
samples and correspond to an
absorbance wavelength of 600
nm. Other MATH test parameter
values were fixed as 2 min
vortex duration, 15 min phase
separation and 4 ml cell culture.
Solid
symbols
represent
hydrophobic strains, while open
symbols represent hydrophilic
strains. Aqueous volume is fixed
at 4 ml for these tests.

2.4.4 Effects of variations in hydrocarbon selection
Hydrocarbon selection affected MATH test results notably. Alkanes (hexane,
octane, and dodecane) generally exhibited minor differences in CSH measurements,
except for non-growth E. coli D21f2 cells. Octanol, on the other hand, caused
extremely low (and negative) CSH values, except for E. coli D21f2 growth
suspensions (Table 2.1). E. coli D21f2 cells showed significant differences between
growth and non-growth suspensions, for different hydrocarbons. The corresponding
differences for other test strains were not as significant for all the alkanes tested.
Figure 2.3 shows the effect of different hydrocarbons on hydrocarbon-aqueous
interfaces for E. coli D21f2 cells, suspended in non-growth buffer. Cell cultures with
octanol were denser compared to cultures with other hydrocarbons, and they did not
show clear separation between hydrocarbon and aqueous phases (Fig. 2.3).
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Figure 2.3. A comparison of E.
coli D21f2 non-growth cultures,
subjected to MATH test with
different hydrocarbons: (from
left to right) hexane, octane,
octanol, and dodecane. Other
MATH test parameter values
were fixed as 2 min vortex
duration,
15
min
phase
separation, 4 ml cell culture and
1 ml hydrocarbon.

2.4.5 Effect of Hydrocarbon selection on cell size
Cell count and size results for S. oneidensis MR-1cells, subjected to MATH
test with different hydrocarbons, are summarized in Figure 2.4. Octanol caused a
substantial drop in cell count as well as mean equivalent spherical cell size. Also
evident are the differences between growth and non-growth cultures, for both cell size
and count. Surprisingly, all the hydrocarbons (except for octane) lead to a decrease in
cell size.

Table 2.1. Variations in CSH measurements for different hydrocarbons. The values
correspond to average of three samples, measured at a wavelength of 600 nm. Other
MATH test parameter values were fixed as 2 min vortex time, 15 min phase
separation, 4 ml cell culture and 1 ml hydrocarbon. The “no HC” entry represents
blank with no hydrocarbon addition and represents loss of bacteria at air-aqueous
phase interface. G and NG refer to growth and non-growth suspensions.
Strain
Suspension media

S. oneidensis MR-1

E. coli D21

G

NG

G

E. coli D21f2

E. coli JM109

NG

G

NG

G

NG

no HC

1.11

0.19

-0.37

0.34

-1.61

1.17

0.03

0.16

Hexane

-1.91

1.36

-2.84

-0.18

-3.24

25.43

0.23

0.19

Iso-octane

3.58

1.23

-1.67

-0.18

-6.38

17.55

-0.23

0.37

1-Octanol

-50.32

-60.75

-17.55

-28.04

23.87

-51.61

-19.08

-22.23

Dodecane

3.73

4.34

-3.91

-0.26

-4.3

7.91

-0.44

-0.42
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Figure 2.4. Coulter Counter
measurements of S. oneidensis
MR-1 cells subjected to
MATH test with different
hydrocarbons. Results are
means of three samples from
the same experiment. (Ggrowth, NG-non-growth)

2.4.6 Effect of Hydrocarbon saturation of suspension medium
The effect of hydrocarbon saturation of suspension medium was studied by
carrying out the MATH test on different suspension media, in the absence of any
bacteria. The results are summarized in Table 2.2 as average optical density (OD) over
a wavelength range of 400-600 nm. Growth media showed considerably higher OD for
different test conditions. The effect is most prominent for octanol and very high OD
values (>1) were observed (Table 2.2). Non-growth medium was not appreciably
affected by hydrocarbon saturation. For reference, the OD600 of control cultures (no
hydrocarbon exposure) were in the range of 1.4-1.8 for all the bacterial cultures.

Table 2.2. Effect of hydrocarbon saturation of suspension media. The results are
average optical densities of duplicate samples, over a wavelength range of 400-600
nm. (H-hexane, Oe-octane, Ol-Octanol, and D-dodecane).
vortex duration (min)
Media

0

1

4

LB

0.01

0.19

TSB

0.01

0.10

KCl

Phase sep. (min)
0

30

0.50

0.62

0.10

0.05

-0.01

0.22

0.46

0.05

0.02

-0.00

0.01

60

HC volume (ml)

0.01

0

1

Hydrocarbon

4

H

Oe

Ol

D

0.11

0.72

0.00

0.02

1.17

0.04

0.06

0.17

0.02

0.03

1.04

0.06

0.05

0

0.01

0.06

0.01
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2.4.7 Effects of variations in absorbance wavelength
Figure 2.5 illustrates the effect of variations in absorbance wavelength for nongrowth S. oneidensis MR-1 suspension, subjected to different dodecane volumes. The
observations are especially significant at higher hydrocarbon-aqueous phase volume
ratio and up to 25% variation is observed between the extreme absorbance
wavelengths of 400 nm and 600 nm.

Figure 2.5. The effect of
variations in absorbance
wavelength on CSH
measurements by the
MATH test, for non-growth
suspension of S. oneidensis
MR-1 treated with different
hydrocarbon (dodecane)
volumes. Results are means
of three samples from the
same experiment.

2.5 Discussion
The MATH test measurements are semi-quantitative in nature, are sensitive to
the operational parameters, and have been known to vary with some of the parameters
investigated in the current study, namely hydrocarbon-aqueous phase volume ratio
(Rosenberg et al. 1983; Hori et al. 2008), vortex duration (Lichtenberg et al. 1985;
Baldi et al. 1999; Hori et al. 2008) and hydrocarbon type (Rosenberg et al. 1980; van
der Mei et al. 1993; Amaral et al. 2006). This technique should ideally be used for
comparison purposes and not as an absolute measure of cell surface hydrophobicity.
In this study, Shewanella cells were observed to be much more hydrophobic than E.
coli strains for most of the parameter values tested here. In general, the E. coli strains
exhibited very low hydrophobicity for all the cases studied and the CSH values
measured by the MATH test ranged from partially negative to low positive numbers.

29
S. oneidensis MR-1, on the other hand, was observed to be hydrophobic for all the
samples. All the parameters, except for phase separation period, were found to have
significant effects on the bacterial hydrophobicity measurements. Additionally,
saturation of suspension medium by the hydrocarbon was also observed to be an
important factor.
An increase in vortex duration has been reported to result in higher
hydrophobicity values for Acinetobacter venetianus (Baldi et al. 1999), Acinetobacter
sp strain (Hori et al. 2008), and Streptococcus pyogenes (Lichtenberg et al. 1985). The
strains used in the current study behaved differently for different vortex durations
depending on the suspension medium. Vortex duration has been associated with
hydrocarbon droplet size, with longer durations potentially leading to smaller droplet
size, thereby increasing the potential attachment area for cells (van Loosdrecht et al.
1987; Rosenberg 1991). This could potentially explain the ascending CSH trend with
vortex duration. Additionally, the variations between growth and non-growth
suspensions indicate the effect of suspension medium-hydrocarbon mixing and
medium saturation with hydrocarbon. These factors need to be investigated further,
along with hydrocarbon droplet size measurements to derive concrete conclusions on
the vortex duration effects.
Variations

in

phase

separation

period

did

not

significantly affect

hydrophobicity measurements of the bacteria investigated in this study. These
observations can potentially be attributed to attainment of an equilibrium hydrocarbon
saturation of aqueous phase and headspace with longer phase separation durations.
These results are especially important for practitioners dealing with multiple samples,
as (relative) insensitivity to phase separation period eases samples analysis.
Studies with different hydrocarbon-aqueous phase volume ratio usually
reported an increase in CSH values with an increase in this ratio (Rosenberg et al.
1980; Rosenberg et al. 1983; Hori et al. 2008). A similar trend is observed in the
current study (Figs. 2.3), especially for non-growth suspensions. Additionally, when
observed under a regular laboratory microscope at 400x total resolution, no cell
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aggregates were observed and cells were found to be directly attached to the
hydrocarbon droplets (data not shown). Hori et al. (Hori et al. 2008) have indicated the
possibility of cells attaching to each other and not directly to the solvent droplets. This
could be attributed to low hydrocarbon-aqueous phase volume ratio (insufficient
interaction surface), self-agglomerating properties of specific cells or the presence of
an agglomerating agent like ammonium sulfate (Rosenberg 1984). An increase in
hydrocarbon-aqueous phase volume ratio has also been shown to cause a saturation in
CSH values in some cases (Rosenberg et al. 1983; Hori et al. 2008), whereas
continuous increase without any saturation has also been reported (Rosenberg et al.
1980; Rosenberg et al. 1982). We did not observe saturation of MATH values for S.
oneidensis MR-1 or non-growth E. coli D21f2 cultures (Figs. 2.2). It is important to
note that application of too low of a hydrocarbon-aqueous phase volume ratio could
lead to insufficient hydrocarbon phase for attachment and potential for selfagglomeration of cells. A very high ratio, on the other hand, could cause problems
with proper mixing of the two phases. Thus, choice of an appropriate hydrocarbonaqueous phase volume ratio should account for adequate attachment interface
(hydrocarbon volume) as well as mixing (test container volume).
Application of different hydrocarbons to the same microbial culture has
generally been reported to yield different CSH values. Rosenberg et al. (1980)
observed different cell adherence values for hexadecane, octane, and xylene. Sanin
(2003) reported different hydrophobicity values for Pseudomonas strain A under
carbon or nitrogen limited conditions, for n-Hexadecane and n-Octane. In the current
study, we observed different CSH values for the same bacterial strains, when the
MATH test was carried out with different hydrocarbons (Table 2.1). The differences
were especially evident for E. coli D21f2 and S. oneidensis MR-1 cells. Some of these
observations, especially for octanol, could be explained by cell size measurements and
hydrocarbon saturation of suspension medium.
Coulter counter measurements revealed the effects of hydrocarbon presence on
cells subjected to the MATH test. S. oneidensis MR-1 cells showed about 20-30%
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reduction in cell size for growth and non-growth cultures, in the presence of octanol
(Fig. 2.4). Aqueous phase cell count was also found to decrease drastically, yet
negative CSH values (~ Acontrol < AMATH) (Table 2.1) indicate a possible release of
cellular organelle into the aqueous phase. This is further supported by the denser
appearance of cell cultures subjected to the MATH test with octanol (Fig. 2.3). This is
not surprising as octanol, being an alcohol, could potentially lead to cell lysis. Other
solvents have also been reported to cause problems. Xylene is suspected to cause cell
lysis. Hexadecane used near its solidification point (16 °C), is influenced by changes
in droplet size due to changes in its viscosity (Rosenberg 1991). Thus, the
hydrocarbon should be carefully selected based on its properties, test conditions, and
specific microbial cultures. For the current study, dodecane served well. However,
MATH test users are advised to run preliminary tests with different hydrocarbons to
select the appropriate hydrocarbon, and avoid aromatic hydrocarbons and alcohols.
Hydrocarbon saturation of an aqueous suspension leads to an increase in its
optical density, especially for growth medium (Table 2.2). These observations could
potentially be attributed to the solubility of hydrocarbons in the suspension medium as
well as potential formation of complexes with suspension media constituents,
specifically the growth media. Alkanes have low water-solubility, as evident from low
OD of non-growth medium (10 mM KCl). However, growth media (LB and TSB) are
significantly affected by the presence of hydrocarbons, especially for variations in
MATH test parameters (Table 2.2). Octanol being the most soluble among the selected
hydrocarbons exhibited very high absorbance (OD>1) for growth media. These results
could partly explain the large negative CSH values for Octanol’s application as
preferred hydrocarbon for the MATH test (Table 2.1), other explanations being cell
lysis or stripping of cell membrane constituents. Hydrocarbon saturation effects might
be somewhat different in the presence of bacteria due to changes in solubility.
However, the current results indicate that saturation of suspension medium with
hydrocarbons certainly affects MATH test results. Thus, users are advised to consider
the hydrocarbon solubility while selecting suspension medium and hydrocarbon.
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An interesting observation from the current study is the effect of absorbance
wavelength on hydrophobicity measurements. Higher absorbance wavelengths were
generally associated with higher CSH values for the four bacteria tested here.
Interestingly, no such variation was observed for blank suspension media, indicating
that this wavelength relation is strictly a function of bacterial optical properties. These
results are especially relevant for classification of the hydrophobic nature of bacteria
based on CSH values, as employed in some previous studies (Lee and Yii 1996;
Colloca et al. 2000; Krepsky et al. 2003). Such a classification could produce different
results at different wavelengths. For example, if the cells are classified as hydrophilic
for CSH value less than 20% and slightly (or moderately) hydrophobic for values
greater than that (Lee and Yii 1996; Krepsky et al. 2003), then as per Fig. 2.5, the
same Shewanella cells will have different classifications for absorbance wavelengths
of 400 nm and 600 nm.
MATH test determines not only the effect of cell surface features, but
incorporates

electrostatic

and

van

der

Walls

interactions

as

well

(Geertsemadoornbusch et al. 1993; van der Mei et al. 1993). Hence, the suspension
medium and its characteristics assume great significance. Furthermore, microbial
characteristics vary with changes in medium properties. pH and ionic strength of
suspension medium have been shown to affect MATH test results (Bunt et al. 1995;
van Raamsdonk et al. 1995; Gaboriaud et al. 2006; Kaczorek et al. 2008). Similarly, S.
oneidensis MR-1 cells are known to aggregate in the presence of calcium ions
(personal communication with Soni Shukla and Carmen Cordova, Stanford
University). In the current study, we examined the effect of using two different
suspension media (growth and non-growth) on MATH test results (CSH). Different
results were obtained for the two media. Non-growth microbial suspensions generally
exhibited higher CSH values as compared to growth suspensions (Figs. 2.1-2.2, S 2.2).
As an adhesion affinity measurement test, especially for in-situ bioremediation
schemes or membrane bioreactors, it is important to use growth substrate as the
preferred suspension phase. Thus, we recommend using the actual suspension medium
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for performing the MATH test. Existing literature on the MATH test is limited to the
use of buffers as suspension medium. This study is the first one to report surface
hydrophobicity results for cells suspended in growth medium.
Standardization of a laboratory assay or of any technique, in general, enables a
consistency in its application and allows for comparison of the measured parameter
across different studies. A first step in this direction is the evaluation of the sensitivity
of the technique in question, to different operational conditions and this study is such
an attempt. This work is not aimed at an insight into the fundamental understanding of
microbial adhesion to hydrocarbons, neither is this an attempt at the science of
microbial hydrophobicity. Rather, this work is intended at a better understanding of a
widely used hydrophobicity assessment method and is of practical significance to
applied microbiologists and engineers. The MATH test is an empirical procedure for
determining cell surface hydrophobicity and is widely used because of ease of
application. In addition, the test requires minimal instrumentation, namely a vortex
mixer and a spectrophotometer; thus making it more viable and attractive as compared
to other hydrophobicity assessment assays. This manuscript does not address the
mechanism of surface hydrophobicity or what microbial changes accompany
variations in cell hydrophobicity. We detail here a quantitative study of how surface
hydrophobicity measurements change with variations in MATH test operating
parameters. These specific parameters were chosen because of their direct relevance in
the MATH test operation and thus this study does not cover the effects of variations in
other related physico-chemical parameters like pH, ionic strength, and solubility.
In conclusion, based on our observations, we recommend a set of parameter
values that worked well for the bacterial strains tested here. We suggest a vortex
duration of 2 minutes with dodecane as the preferred hydrocarbon using a
hydrocarbon-aqueous volume ratio of 1 ml to 4 ml and a wavelength of 600 nm for the
MATH test. Suspension medium is a matter of choice and should be based on the
application of interest. Similarly, a phase separation period of 15-30 minutes, based on
user convenience is recommended. An improved understanding of the MATH test will
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benefit microbiologists and engineers, and help them in better selection of operational
parameters for their specific applications.
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2.8 Supporting Information
Table S 2.1. Variations of MATH test parameters used in previous studies.
Parameter

value/type

Vortex duration (sec)

10

Reference
(van der Mei et al. 1995)

30

(Trachoo and Brooks 2005; Ly et al. 2008)

60

(Colloca et al. 2000; Gaboriaud et al. 2006)

90

(Holder et al. 2007)

120

(Rosenberg et al. 1980; Pembrey et al. 1999;
Walker et al. 2005; Obuekwe et al. 2007)

300

(Bunt et al. 1995)

0-60*

(Baldi et al. 1999)

5-60*

(Hori et al. 2008)

Phase separation

5

(Hsu and Huang 2002)

Period (min)

10
15

(Reid et al. 1992; Amaral et al. 2006)
(Rosenberg et al. 1980; Neu and Marshall
1991; Pembrey et al. 1999; Walker et al. 2005)

Hydrocarbon-aqueous
volume ratio

20

(Trachoo and Brooks 2005)

30

(Myszka et al. 2007)

45

(Bolster et al. 2006)

0.015
0.1

(Chae et al. 2006)
(Sanin et al. 2003; Holder et al. 2007)

0.2

(Hsu and Huang 2002)

0.25

(Pembrey et al. 1999; Walker et al. 2005)

0.33

(Myszka et al. 2007)

0.40

(Gaboriaud et al. 2006)

1

(Trachoo and Brooks 2005)

0-0.33*

(Rosenberg et al. 1983)
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Table S 2.1 (contd.)
Parameter

value/type

Reference

0.01-1*

Hydrocarbon

(Hori et al. 2008)

Benzene

(Jana et al. 2000)

Dodecane

(Pembrey et al. 1999;
Haznedaroglu et al. 2008)

Hexadecane

(Rosenberg et al. 1982; Sharon et al.
1986; Amaral et al. 2006; Obuekwe et al.
2007; Hori et al. 2008)

Hexane

(Onaolapo et al. 1997; Jana et al. 2000)

Dichloromethane
Octane

(Bunt et al. 1995)
(Rosenberg et al. 1980; van der Mei et
al. 1995; Hsu and Huang 2002; Sanin
2003)

Toluene

(Ahimou et al. 2001; Amaral et al. 2006)

Xylene

(Rosenberg et al. 1980; van der Mei et
al. 1995; Marin et al. 1997; Ocana et
al. 1999)

Wavelength (nm)

400

(Rosenberg et al. 1980; Nesbitt et al.
1982; Rosenberg et al. 1983; Farrell and
Quilty 2002; Chae et al. 2006; Obuekwe
et al. 2007)

420

(Djonovic et al. 2007)

470

(Onaolapo et al. 1997; Holder et al. 2007)

540

(Marin et al. 1997; Myszka et al. 2007)

546

(Pembrey et al. 1999; Walker et al. 2005)

550

(Jana et al. 2000)
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Table S 2.1 (contd.)
Parameter

value/type

Reference

570
600

(Amaral et al. 2006)
(Reid et al. 1992; van der Mei et al. 1993;
Guellil et al. 1998; Harper (Jr.) et al.
2006; Gargiulo et al. 2008; Kaczorek et
al. 2008)

640

(Krepsky et al. 2003)

650

Suspension medium

(van Raamsdonk et al. 1995)

660

(Hori et al. 2008)

Basal salt

(Hori et al. 2008)

KCl

(Walker et al. 2005;
Haznedaroglu et al. 2008)

Phosphate

(van der Mei et al. 1995; Marin et
al. 1997; Sun et al. 2007)

PBS

(Baldi et al. 1999; Amaral et al. 2006)

PUM

(Rosenberg et al. 1980; van der Mei
et al. 1995; Reid et al. 2004; Holder
et al. 2007; Obuekwe et al. 2007)

Nutrient (C or N starved)
Water

(Sanin et al. 2003)

(Pembrey et al. 1999; Bolster et al. 2006)

* represents a range of values used in the corresponding reference study.
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Figure S 2.2. The effect of
phase separation period on CSH
measurements by the MATH
test for different test strains in
(a) growth suspension, and (b)
non-growth suspension. These
results represent average of
three samples and correspond to
an absorbance wavelength of
600 nm. Other MATH test
parameter values were fixed as 2
min vortex duration, 4 ml cell
culture and 1 ml dodecane. The
hydrophobic strains are
represented by solid symbols
and hydrophilic strains by open
symbols.
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3.1 Abstract
Hydrophobicity is a vital parameter for initial cell adhesion that ultimately
leads to biofouling of surfaces and loss of system performance and health issues. The
efficiency of a number of biological systems could be improved by increasing the
hydrophobicity of concerned bacteria. Here we used ammonium sulfate to enhance the
bacterial hydrophobicity, as measured by a commonly used liquid-liquid partitioning
based hydrophobicity assessment assay- the MATH test. We observed successive
increases in bacterial hydrophobicity with incremental increase in salt concentration
for gram-negative bacteria. Upon addition of 2 M salt, three closely related E. coli
strains were easily distinguishable from one another. Gram-positive bacteria exhibited
different trends than gram-negative strains, with no change in the hydrophobicity of S.
salivarius HB cells and a sharp decline followed by an increase in hydrophobicity for
D. radiodurans. Cell size measurements revealed that gram-positive cells exhibited a
change in cell size due to hydrocarbon exposure, while the gram-negative cultures
remained mostly unaffected. Overall, salt addition was observed to enhance the
hydrophobicity of different test strains, especially at the higher concentrations used
here of 1.5 M and 2 M. Salt-addition in conjunction with the MATH test successfully
differentiated and quantified otherwise weakly hydrophobic bacteria, thus enhancing
the range of this lab assay. Our results demonstrate the effectiveness of salt addition in
increasing the bacterial hydrophobicity, which could potentially be used in diverse
areas, ranging from applied microbiology and engineering to oral care.

3.2 Introduction
Hydrophobic interactions play a significant role in bacterial adhesion and
biofouling, and thus affect a variety of biological and industrial systems. These
include bioremediation, biological wastewater treatment, pathogenesis, oral care, and
bacterial transport. Biofouling is generally termed as the unwanted attachment of
bacteria to surfaces and leads to loss of process efficiency and resources as well as
causes health risks. And it is of concern in many industrial settings, including water
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distribution, heat exchangers, ships, medical implants, dairy and food processing, etc
(Characklis 1990; Flemming 2002; Dobertsov et al. 2006).
Variations in bacterial hydrophobicity could significantly impact a number of
processes and could be used for biofouling remediation. Specifically, an increase in
bacterial hydrophobicity could potentially lead to altered attachment to surfaces of
interest and could play a beneficial role in a number of engineered and scientific
systems. These include oral care, dairy and food processing, urinary tract infections as
well as bioremediation, applied microbiology and oil recovery.
Mel Rosenberg’s group at Tel Aviv University conducted a number of studies
in the area of oral care and suggested the application of a biphasic (oil-water based)
mouthwash to remove a number of hydrophobic cariogenic bacteria (Rosenberg et al.
1983b; Goldberg et al. 1990a; Goldberg et al. 1990b; Rosenberg 2002). Such a
formulation could be further strengthened by hydrophobicity increase, thereby
increasing the partitioning of otherwise weakly hydrophobic bacteria to the oil (or
hydrocarbon) phase which will lead to their easier removal and reduced plaque
formation. An increase in hydrophobicity of oral bacteria has also been hypothesized
to cause enhanced phagocytosis and recognition by polymorphonuclear leukocytes
(van Raamsdonk et al. 1995). Vaginal lactobacilli are indicative of a healthy human
vagina and restrict the growth of pathogens. An increase in hydrophobicity of these
bacteria will lead to better adhesion and potentially decrease the risk of urinary tract
infections (Ocana et al. 1999).
Apart from biofouling remediation, bacterial hydrophobicity enhancement can
also be beneficial in a number of engineering applications. One such area is
biodegradation of organic compounds. Acinetobacter is a commonly used
hydrocarbon-degrading bacterium and could be applied more effectively by salt
addition that could lead to increased bacterial adhesion to the hydrocarbons (Baldi et
al. 1999; Hori et al. 2001; Hori et al. 2008). Some researchers have also used bacterial
hydrophobicity (as measured by biphasic partitioning of bacteria) for mixed
community analysis by progressively segregating the weakly and strongly
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hydrophobic bacteria (by removing bacteria from either the hydrocarbon or aqueous
phase) (Obuekwe et al. 2007a; Obuekwe et al. 2007b). An increase in bacterial
hydrophobicity would lead to easier differentiation between weakly hydrophobic
bacterial strains present in a mixed community. Potential applications also exist in
microbially enhanced oil recovery (MEOR), where weakly hydrophobic bacteria could
be forced to adhere to hydrophobic soil particles by hydrophobicity manipulation,
thereby increasing the process efficiency (Rosenberg et al. 1983a; Cunningham et al.
2007).
Among a number of laboratory assays for bacterial hydrophobicity
measurement, the Microbial adhesion to hydrocarbons (MATH) test is one of the most
frequently used method. It is a simple-to-conduct assay, with very little instrumental
requirements as well as minimal modifications to microbes, unlike other
hydrophobicity measurement techniques (e.g., SAT, HIC, etc.) (Rosenberg and Doyle
1990). Apart from hydrophobicity measurement, the MATH test has also found uses
in mixed culture analysis as a method to produce progressively hydrophobic strains as
well as to separate out hydrophobic and hydrophilic strains (Obuekwe et al. 2007a;
Obuekwe et al. 2007b). This widely used technique finds applications in
bioremediation (Baldi et al. 1999; Sharma et al. 2007; Owsianiak et al. 2009),
microbial adhesion and transport (Bolster et al. 2006; Gargiulo et al. 2008),
microbially enhanced oil recovery (MEOR) (Rosenberg et al. 1983a; Cunningham et
al. 2007), pathogenesis (Lee and Yii 1996; Onaolapo et al. 1997; Ocana et al. 1999;
Krepsky et al. 2003), oral hygiene (van Raamsdonk et al. 1995; Colloca et al. 2000),
and food contamination studies (van der Mei et al. 1993; Ly et al. 2008).
However, this assay is unable to measure and differentiate between weakly
hydrophobic bacterial strains. Rosenberg (1984) suggested the application of saltingout agents like ammonium sulfate to the standard MATH assay (Rosenberg 1984).
This suggestion was based on the use of these compounds in the salt-aggregation test
(SAT) and the hypothesis was that the increase in cell size due to the presence of
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aggregating agent leads to better partitioning of cells between aqueous and
hydrocarbon phases (Lindahl et al. 1981; Dillon et al. 1986; Lin et al. 1995).
The idea of “salting-out” the bacteria by salt addition to enhance the
hydrophobicity was first introduced by Lindahl et al. (1981) (Lindahl et al. 1981).
Ammonium sulfate is generally used to precipitate proteins in the SAT test or in
hydrophobic interaction chromatography (HIC). It belongs to a class of chemicals
termed as “lyotrope” or “chaotrope” that compete with proteins for water molecules
and disrupt hydrogen bonds, thus leading to precipitation of proteins out of the
aqueous phase (Boschetti and Jungbauer 2000). The underlying mechanism is the
affinity of sulfate ions for the water molecules and their ability to outcompete the
proteins or bacteria at elevated salt concentrations. This leads to increased interaction
between proteins or bacteria and their ultimate precipitation out of the aqueous
solution (Lam and Mutaria 1994). This phenomenon is used in the SAT assay, where
successively increasing concentrations of the salting-out agent are added and the
amounts yielding visible bacterial aggregates are used as a qualitative measure of the
order of hydrophobicity of different bacterial test strains (Lindahl et al. 1981;
Rosenberg and Doyle 1990). A similar principle is employed in another
hydrophobicity measurement technique called the HIC, where ammonium sulfate is
used at high concentrations as a constituent of the solvent phase and leads to enhanced
deposition of proteins or bacteria on the stationary solid phase. The order of
hydrophobicity is determined by the time of elution for different species of interest
(Boschetti and Jungbauer 2000).
Here we employed different concentrations of ammonium sulfate to a number
of weakly hydrophobic bacterial strains as well as a strongly hydrophobic bacteria and
validated the efficacy of this modification in increasing bacterial hydrophobicity, as
measured by the MATH test. The test strains include representatives from both gramnegative and gram-positive genre. Hydrophobicity measurements were coupled with
cell size measurements to quantify the mechanism of salt-addition assisted
hydrophobicity changes. We term the modified MATH assay, as the salt assisted-
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MATH test or SA-MATH test. An increase in bacterial hydrophobicity is expected to
be useful in a number of engineering and medical applications as well as industrial
settings, as already described. This will also help applied microbiologists in the
quantification of and distinction between weakly hydrophobic microbes.

3.3 Materials and Methods
3.3.1 Bacterial Cultivation
Four gram-negative and two gram-positive bacterial strains were used. Three
closely related mutant strains of Escherichia coli K-12, namely JM 109, D21 and
D21f2 having different lipopolysaccharide polymer lengths were used. Strains D21
(CGSC 5158) and D21f2 (CGSC 5162) were obtained from the Coli Genetic Stock
center (CGSC, New Haven, CT), while strain JM109 (ATCC 53323) was purchased
from New England Biolabs, MA (catalog#E4107S). Shewanella oneidensis MR-1
(ATCC 700550), a dissimilatory metal reducing bacterium that serves as a model
organism for a number of metal remediation studies was obtained from the Pacific
Northwest National Laboratory (PNNL, Richland, WA). Two gram-positive bacteria,
Deinococcus radiodurans (ATCC BAA-816) and Streptococcus salivarius HB (ATCC
BAA-2068) were also used in the current study and were obtained from Michael Daly
(USUHS, MD) and Henk Busscher (University of Groningen, Netherlands),
respectively. The strain S. salivarius HB is a frequently studied cariogenic bacteria
(Weerkamp and McBride 1980; van der Mei et al. 1987). The growth media consisted
of Luria bertani (LB, 25 g/l), Tryptic soy broth (TSB, 12g/l), TGY media (0.8%
Tryptone, 0.4% Glucose and 0.1% Yeast, w/v), and Todd Hewitt broth (25g/l) for E.
coli mutants, S. oneidensis MR-1, D. radiodurans, and S. salivarius HB cultures,
respectively. Experimental cultures were grown, from the frozen stock cultures, in
1:100 ratio with respective growth media for 22 hours to late-stationary growth phase.
These cells were grown for one more growth cycle of 22 hours in 1:100 ratios in fresh
media before using for the MATH experiments. The growth cultures were maintained
at 30 °C and were constantly agitated in a Barnstead shaker.
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3.3.2 Hydrophobicity measurement
The standard MATH test protocol was used as has previously been described
(Pembrey et al. 1999). The cells (after two growth cycles of 22 hours each, as
described in previous section) were centrifuged at 9000 rpm (8422 g) for 7 minutes,
supernatant discarded and resuspended in 10 mM potassium chloride solution. The
same step was repeated again before resuspending the cells in the buffer solution. The
buffer solution consisted of different concentrations of ammonium sulfate (0, 0.5, 1,
1.5 and 2 M) in 10 mM potassium chloride. The absorbance (OD600) of cell cultures
at this stage is termed as Acontrol.
For hydrophobicity measurement, four ml of cell culture was added to one ml
of n-dodecane in a glass culture tube and the mixture was vortexed for two minutes.
The phases were allowed to separate for fifteen minutes at room temperature and then
aqueous phase samples were withdrawn carefully, using disposable polystyrene
pipettes. The absorbance of the aqueous phase before (Acontrol) and after (Asample) the
MATH test were measured at a wavelength of 600 nm using a Beckman Coulter
UV/VIS spectrophotometer. The hydrophobicity was measured as
Hydrophobicity(%) 

Acontrol  Asample
100
Acontrol

For the purpose of this study, “control cultures” refer to cells suspended in
different concentrations of ammonium sulfate (in 10 mM potassium chloride) and
were not subjected to the procedures of the MATH test and had no exposure to
dodecane. The control cultures were also used to determine the effect of salt addition
on cell sizes. MATH samples refer to cell cultures (suspended in different
concentrations of ammonium sulfate prepared in 10 mM potassium chloride) that were
subjected to the MATH test and hence dodecane. These samples served the dual
purpose of quantifying the hydrophobicity of different bacteria as well as determining
the changes in cell sizes due to hydrocarbon presence.

49
All the experiments were carried out in triplicates. Potassium chloride with
different ammonium sulfate concentrations (0 M to 2 M) were used as blanks for
absorbance measurements.

3.3.3 Cell size measurement
Cell size measurements (equivalent spherical radius) were performed with a
MultisizerTM 3 Coulter Counter (Beckman Coulter), using Isotone II as the diluent and
a 30 µm aperture tube. These measurements were conducted for control cultures as
well as the MATH samples. While the former revealed the changes in cell sizes due to
salt-addition, the latter were used to determine the effect of hydrocarbon exposure
(coupled with salt addition) on cell size changes.

3.4 Results
3.4.1 Effect of Ammonium sulfate on bacterial hydrophobicity
We found that ammonium sulfate addition increased the hydrophobicity of all
the gram-negative bacteria, especially at concentrations of 1 M or higher (Fig. 3.1).
The effect was most pronounced for S. oneidensis MR-1, where the hydrophobicity
increased from about 2% for no salt-addition to greater than 90% for 1.5 M and 2 M
ammonium sulfate addition. Additionally, the three E. coli strains can be easily
distinguished at higher ammonium sulfate concentrations. With higher salt
concentrations, D21f2 was seen to be the most hydrophobic E. coli strain and was
easily distinguishable from the other two strains at ammonium sulfate concentrations
of greater than 0.5 M (Fig. 3.1). At the highest salt concentration levels of 2 M, there
is a hydrophobicity difference of about 10% between each of the E. coli strains, thus
making their distinction easier.
S. salivarius HB strain is highly hydrophobic (hydrophobicity > 98%) and
hence the effect of ammonium sulfate addition is not as discernible as for the gramnegative bacteria (Fig. 3.1). The hydrophobicity increased by only 1.5% for the
cultures with 2 M ammonium sulfate as compared to cultures without salt addition. D.
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radiodurans exhibited the most interesting trend with increase in the concentration of
ammonium sulfate in aqueous phase. The hydrophobicity initially decreased for 0.5 M
ammonium sulfate, then increased and exhibited greater than 95% hydrophobicity for
1.5 M and 2 M salt additions. Overall, the addition of 1.5 M and 2 M ammonium
sulfate led to hydrophobicity increase of 6% and 8% respectively, as compared to the
samples without any salt addition.

Figure 3.1. Effect of ammonium sulfate concentration on cell hydrophobicity
measurements by the MATH test. The symbols represent the average and the error
bars represent the standard deviation of triplicate measurements.

3.4.2 Effect of ammonium sulfate on cell size (control cultures)
The cell size results for control cultures are presented in Fig. 3.2 and represent
the effect of ammonium sulfate addition on sizes of different bacteria studied here.
The most significant size change was exhibited by S. salivarius HB where the mean
cell size increased by up to 24% for ammonium sulfate addition, especially evident at
higher salt concentrations (greater than 1 M). The size change was comparatively
smaller for other bacterial strains, varying from 2.4% for E. coli JM 109 to 8.1% for
D. radiodurans (Fig. 3.2). Additionally, visible cell aggregates were observed only for
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S. oneidensis MR-1 cells, on addition of 1.5 M and 2 M ammonium sulfate. Visible
aggregates were absent for other bacterial strains.

Figure 3.2. Effect of ammonium sulfate concentration on mean cell size (equivalent
spherical radius) for control cultures (no hydrocarbon exposure). The symbols
represent the average and the error bars represent the standard deviation of triplicate
measurements.

3.4.3 Combined effect of ammonium sulfate and hydrocarbon exposure on
cell size
Interesting trends were observed for cell size changes between the control and
test samples (Fig. 3.3). These cultures differed in terms of exposure to hydrocarbon.
While, the control cultures were not subjected to hydrocarbon addition, the test
samples were exposed to dodecane during the MATH test. The gram-negative cells
showed little change in cell sizes upon hydrocarbon addition across the different
ammonium sulfate concentrations examined. Gram-positive cells, on the other hand
exhibited a significant change in the cell size. Up to 34% and 30% size decrease, as
compared to control cultures, was observed for D. radiodurans and S. salivarius HB
cells, respectively (Fig. 3.3). D. radiodurans cells exhibited an increase in cell size
initially on exposure to dodecane which was followed by a significant decrease for
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increasing salt concentrations. S. salivarius cells, on the other hand, decreased in size
initially and then exhibited a significantly lower size for progressively higher salt
additions as compared to the control cultures.
Figure 3.4 shows the effect of different ammonium sulfate doses on S.
oneidensis MR-1 cultures, subjected to the MATH test. As the salt concentration
increased from 0 M to 2 M, the aqueous phase became less dense, while an opposite
trend was observed for the hydrocarbon phase, which turned denser in appearance
with increasing salt concentration. It provides a visual evidence of transfer of cells
from the aqueous phase to the hydrocarbon phase with increasing salt concentration,
thus exhibiting higher cell hydrophobicity when measured by the MATH test. Similar
behavior was also observed for the other bacteria.

Figure 3.3. Cell size changes due to the MATH test for different ammonium sulfate
concentrations. The percent differences refer to changes in cell size after hydrocarbon
addition compared to cells not exposed to dodecane (i.e., between MATH samples and
control cultures). The symbols represent the average and the error bars represent the
standard deviation of triplicate measurements.
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Figure 3.4. The differences between aqueous and hydrocarbon phases for addition of
increasing amounts of ammonium sulfate, from 0 M to 2 M (from left to right), for S.
oneidensis MR-1 cells. Denser phase is indicative of higher cell density.

3.5 Discussion
Hydrophobicity plays an important role in non-specific bacterial interactions
and thus affects the attachment of bacteria to a number of surfaces leading to biofilm
formation and biofouling. Hence, an alteration in bacterial hydrophobicity could
potentially be exploited to prevent biofouling and amend surface attachment
beneficially. An increase in hydrophobicity can help in removal of oral bacteria or
reduced risk of urinary tract infections as well as better biodegradation of organic
compounds. In this study we showed that presence of ammonium sulfate can increase
the hydrophobicity of bacteria as measured by biphasic partitioning assay, the MATH
test.
The widespread utility of this simple-to-conduct assay is somewhat limited by
its inability to quantify and differentiate between weakly hydrophobic bacterial strains.
Addition of ammonium sulfate, a known salting out agent for SAT and HIC tests
(Lindahl et al. 1981; Rosenberg and Doyle 1990; Boschetti and Jungbauer 2000), was
used in conjunction with the MATH test and the effect of salt presence on bacterial
hydrophobicity was observed. Rosenberg et al. (1984) demonstrated the application of
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ammonium sulfate in increasing the hydrophobicity of E. coli J-5 as measured by the
MATH test (Rosenberg 1984). Following up on that work, here we used the same
technique for studying the hydrophobic behavior of a number of representative grampositive and gram-negative bacteria, including three closely related mutant strains of
E. coli K-12. Our previous study has shown all the gram-negative bacterial strains
used in this study to be weakly hydrophobic (unpublished results), while other studies
have shown S. salivarius HB cells to be highly hydrophobic (Geertsemadoornbusch et
al. 1993; van der Mei et al. 1995).
We observed an increase in bacterial hydrophobicity with increasing
ammonium sulfate concentration for five out of the six strains tested here. Even for D.
radiodurans cells, that exhibited an initial decrease in hydrophobicity, salt
concentrations of 1.5 M and 2 M lead to an increase in hydrophobicity as compared to
samples without any salt addition. Overall, we have shown that salt addition at high
concentrations can successfully enhance the hydrophobicity of bacteria.
An important advantage of hydrophobicity enhancement was exhibited by
three closely related E. coli K-12 mutant strains used in this study. Our previous work
(unpublished results) has shown these mutant cells to exhibit very low and roughly the
same hydrophobic interaction affinities as measured by the MATH test (also seen in
Fig. 3.1 for 0 M salt addition). Among the three E. coli strains, D21f2 is hypothesized
to be the most hydrophobic because of shortest lipopolysaccharide (LPS) molecules on
the outer cell membrane as compared to the other two strains (Burks et al. 2003). The
LPS molecules are supposed to provide not just structural stability to the cell but also
to protect the outer membrane and surface functional groups from the external
environment and thus decrease the surface hydrophobicity with longer polymer length
(Mayer et al. 1985; Raetz 1990). As seen in Fig. 3.1, E. coli D21 f2 cells exhibited
higher hydrophobicity than the other two E. coli strains at salt additions of 1 M or
higher. Furthermore, additions of 2 M ammonium sulfate lead to about 10% difference
in the hydrophobicities of these strains, thus making their distinction easier. Using
these results, the three strains can be easily differentiated from each other and from a
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mixed community based on hydrophobic interaction affinity, as reported by previous
studies (Rosenberg 2002; Obuekwe et al. 2007a; Obuekwe et al. 2007b).
The addition of ammonium sulfate is generally assumed to cause autoaggregation and was used for that purpose in the SAT assay, where the salt
concentration that leads to visible aggregation is the desired parameter (Lindahl et al.
1981; Rosenberg and Doyle 1990). Here we measured the cell sizes using a Coulter
Counter to test this assumption. As shown in Fig. 3.2, the control cultures (no
hydrocarbon exposure) did not exhibit significant cell size changes (esp. for gramnegative bacteria). Based on these results, we can conclude that cell-aggregation due
to salt-addition was not a dominant mechanism of hydrophobicity enhancement for
bacterial strains used in our study. Rather it is potentially the competition between
bacteria and ammonium sulfate for water molecules that forces the bacteria to
hydrocarbon phase (Fig. 3.4) thus leading to an increase in the observed bacterial
hydrophobicity.
Interesting hydrophobicity and cell size trends (hydrocarbon exposure) were
observed for D. radiodurans. These findings could possibly be attributed to the special
nature of these cells i.e. their occurrence in couplets and quadruplets. Our cultures
existed as couplets as seen from the mean cell sizes for the control cultures which
ranged from 2.06 µm to 2.23 µm for ammonium sulfate concentrations of 0 M to 2 M
(Fig. 3.2). However, in the presence of hydrocarbon the mean cell size exhibited
interesting trends. The average cell size for the MATH samples increased from 1.86
µm to 2.05 µm for salt additions of 0 M and 0.5 M. This was followed by a decrease
in cell size to 1.43 µm and 1.46 µm for salt additions of 1.5 M and 2 M, respectively
(Fig. 3.3). The drastic change in cell size of D. radiodurans cells in the presence of
hydrocarbon is a preliminary evidence of changes in spatial configuration of cells and
disaggregation of couplets. Additionally, these changes correspond to the
hydrophobicity trends. The hydrophobicity of D. radiodurans decreased till 0.5 M salt
and then started increasing (Fig. 3.1). Similarly, the differences in cell size between
samples and controls decreased for 0.5 M salt addition and then started increasing.
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Although we do not have conclusive data, these observations insinuate a connection
between the paired existence of these cells and their hydrophobic behavior (as
measured by the MATH test).
Gram-positive bacterial strains studied here exhibited significant changes in
cell size on exposure to hydrocarbons as compared to control cultures (Fig. 3.3).
Similar changes in cell size (and shape) have also been observed in previous studies.
Neumann et al. (2005) reported cell size variations for Pseudomonas putida cultures
exposed to phenol and 4-chlorophenol; and Enterobacter sp. cells exposed to nbutanol (Neumann et al. 2005). Researchers observed up to 6% decrease in diameter
of Nitrosomonas europaea cells exposed to phenol and toluene (Tyler Radniecki,
Oregon State University, personal communication). Our previous work with S.
oneidensis MR-1 cells, exposed to various hydrocarbons during the MATH test
procedure, showed up to 6% change in cell size, when subjected to hexane, octane
and/or dodecane. However when octanol was used as the preferred hydrocarbon for
the MATH test, cell size decreased by almost 28% (unpublished results). Our current
results follow along the same lines. Interestingly for our study, significant cell size
change was observed for gram-positive bacteria only; both of which are highly
hydrophobic in nature. While the current results are not exhaustive enough to draw
any conclusions, they hint at a connection between the cell sizes and spatial
configuration of gram-positive or highly hydrophobic bacteria, salt addition and
exposure to hydrocarbons.
It is to be noted that ammonium sulfate is not the only lyotropic or chaotropic
salt to be used for hydrophobicity measurement. Lindahl et al. (1981) used ammonium
acetate, ammonium sulfate and ammonium chloride for measuring the relative
hydrophobicity of bacteria and found ammonium acetate to be most effective (Lindahl
et al. 1981). We did not use acetate as it is a growth substrate and could potentially
alter test conditions by increasing cell density.
In summary, we have shown that addition of high concentration of a saltingout agent (ammonium sulfate) enhances the hydrophobicity of weakly hydrophobic
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bacterial strains. Additionally, presence of ammonium sulfate links three commonly
used bacterial hydrophobicity measurement assays, namely HIC, SAT and MATH test
(termed SA-MATH in presence of salt) and also augments the applicable range of the
MATH test. We show here that incremental additions of ammonium sulfate leads to an
increase in the hydrophobicity of microbes. The effect was more pronounced for
gram-negative bacteria and at high salt concentrations (1.5 M and 2 M). Additionally,
three closely related E. coli strains were also shown to be easily distinguishable at high
salt concentrations. Visible bacterial aggregation was not observed for most of the
strains tested in this study and thus we conclude that cell-aggregation due to saltaddition is not a dominant mechanism of hydrophobicity increase. Gram-positive
bacteria exhibited differences in the cell sizes between controls and MATH samples,
which could be a property specific to highly hydrophobic or gram-positive bacteria or
their spatial configuration; conclusive evidence of which could not be drawn from the
current set of observations. It is to be noted that not all bacteria may exhibit higher
affinity for the hydrocarbon phase under the presence of high salt concentration, and
that this behavior is bacteria-specific. Thus, we recommend preliminary tests with
different salt concentrations to determine the effect on bacterial hydrophobicity. For
all the bacteria tested here, the hydrophobicity increased for a salt concentration of 2
M as compared to samples without salt addition. Enhanced hydrophobicity of bacteria
can be beneficially used in oral care, MEOR, mixed community analysis and many
other biological systems and is an attractive option for microbiologists and engineers.
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4.1 Abstract
Biofouling is synonymous with unwanted biofilms and leads to problems
ranging from efficiency and resource loss to health risks. While a number of bacterial
properties including biomass concentration and hydrophobicity are considered critical
to biofilm development and bacterial adhesion, the variations in these properties under
growth and starvation conditions are not very well known. Here, we describe the
trends in these properties for four Gram-negative bacteria under growth and extended
starvation conditions. A convenient and frequently-used laboratory assay, the
microbial adhesion to hydrocarbons (abv. MATH) test, was used to determine the
microbial hydrophobicity based on the partitioning of cells at an aqueous-hydrocarbon
interface. The bacteria tested exhibited a plateau of hydrophobicity values during the
stationary growth phase and longer starvation durations (≥ 10 days). Starved cultures
had higher hydrophobicity and lower cell size than growth cultures. Interestingly,
hydrocarbon exposure led to an increase in cell size for starved cells as compared to
control cultures, while cells under growth conditions did not show significant size
changes due to hydrocarbon presence. Cells starved for short durations (up to 7 to 10
days) exhibited significant variations in microbial hydrophobicity, cell size, and
biomass (proteins and optical density). These results show the importance of studying
the bacterial properties as a function of growth and starvation phase for cell adhesion
in the context of biofilm formation and biofouling.

4.2 Introduction
Biofouling is a bane to a number of engineered applications as well as
medicinal science. Applications (that span across a wide variety of industries) where
biofilms present problems include the industrial water systems, fluid distribution
network, petroleum oil production, food processing, oral care and medical implants,
among others. Biofouling leads to loss of efficiency, resources, and in some contexts
also create health issues (Characklis 1990; Characklis and Marshall 1990; Camper and
McFeters 2000; Jass and Walker 2000; Morton 2000; Percival 2000; Flemming 2002;
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Coetser and Cloete 2005; Crolet 2005; Dobertsov et al. 2006). It is estimated that
biofouling and biocorrosion causes substantial losses (worth billions of dollars
annually) in heat exchangers, ship hulls, water distribution pipes and oil production
(Characklis 1990; Flemming 2002; Lee and Newman 2003; Coetser and Cloete 2005;
Zhao and Liu 2006). Biofouling of medical implants can lead to malfunctioning and
deterioration in patient health (Bayston 2000). Further, it has been estimated by NIH
that 80% of the chronic infections are related to biofouling (Monroe 2007).
Biofilms are the inherent basis for biofouling and their development has been
studied as a surrogate for biofouling process (Characklis 1990; Lewandowski 1994;
Flemming and Griebe 2000; Yu and McFeters 2000). In fact, Flemming (Flemming
2002) defined the growth of biofilms “in the wrong place and at the wrong times” as
the cause of biofouling. Thus, from a scientist’s point of view, study of biofouling is
inherently a research into biofilm development.
During biofilm development, the bacteria are exposed to diverse conditions in
different industrial and natural environments. Some of the divergent conditions are
nutrient availability (growth and starvation), temperature, pH, pressure, chemicals and
shear (Characklis 1990; Characklis et al. 1990b; Christensen and Characklis 1990;
Marshall 1994; Huang and Larter 2005; Ollivier and Cayol 2005). Out of these
parameters, nutrient availability has been cited as the most important fouling factor
(Flemming 2002). Heat exchangers, water distribution pipes and other conduits
represent low nutrient settings with temperature and shear risks (Jass and Walker
2000; Morton 2000; Wilpenny 2000). Food processing, medical implants, dental
plaque, and water treatment, on the other hand, offer abundant growth substrate and
nutrients (Jass and Walker 2000; Verran and Jones 2000; Wilpenny 2000).
Growth and starvation conditions have been reported to lead to changes in cell
size, protein content, hydrophobicity and biomass (Kjelleberg and Hermansson 1984;
Characklis et al. 1990a; Heise and Gust 1999; Haznedaroglu et al. 2008). The same
parameters have also been examined as significant factors for microbial adhesion and
transport (Walker et al. 2005; Gargiulo et al. 2007; Bolster et al. 2009). In fact,
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hydrophobicity is often considered critical for initiating bacterial adhesion through
non-specific interactions and hydrophobic interactions represent the strongest longrange non-covalent interactions (Irvin 1990; Israelachvili 1992; Elimelech et al. 1995;
Mittelman 1996; Vacheethasanee and Marchant 2000). Since bacterial adhesion is a
crucial component of the biofouling initiation and propagation, the factors affecting it
assume significance. However, extensive data is not available on these parameters for
any single microbe. Most of the existing studies evaluated the bacterial properties at
very few time points or investigated a single property. Additionally, data correlating
starvation (especially long-term) with hydrophobicity is generally missing from
literature. No general consensus on hydrophobicity trend with starvation (Castellanos
et al. 2000; Sanin et al. 2003; Wong and Chang 2005; George and Kishen 2007;
Myszka et al. 2007) or growth conditions (Hazen et al. 1986; Jana et al. 2000;
Khemakhem et al. 2005; Walker et al. 2005; Gargiulo et al. 2007; Zikmanis et al.
2007) exists.
In this work, we studied the effect of growth as well as short- and long-term
starvation conditions on bacterial adhesion properties. Specifically, biomass
concentration (OD and total protein), hydrophobicity, and cell size were measured for
four gram-negative bacteria. All the bacterial species investigated here have
previously been studied for their role in biofouling, corrosion and biofilm formation
(Nealson et al. 2002; Jones et al. 2003; Lee and Newman 2003; Li and Logan 2005;
Zhao and Liu 2006; Herrera and Videla 2009; Waters et al. 2009). A biphasic liquidliquid partitioning assay, the microbial adhesion to hydrocarbons or MATH test, was
used as a measure of bacterial hydrophobicity (Rosenberg et al. 1980). Additionally, a
modification of this assay, the salt-assisted MATH (SA-MATH) test that involves the
addition of high concentration of a lyotrophic salt to enhance the hydrophobicity of
weakly hydrophobic bacteria (Rosenberg 1984, unpublished results) was also used.
Hydrophobicity enhancement of weakly hydrophobic bacteria offers means for better
removal of oral bacteria and is potentially beneficial to hydrocarbon biodegradation,
mixed community analysis and microbial enhanced oil remediation. These results are
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expected to provide a better insight into initial and long-term bacterial adhesion and
long-term biofilm development and associated biofouling in various systems of
interest.

4.3 Materials & Methods
4.3.1 Bacterial cultures and cultivation
Four gram-negative bacteria including, three mutant strains of Escherichia coli
K-12 (D21f2, D21 and JM109) and wild type Shewanella oneidensis MR-1 were used.
The E. coli strains, D21 (CGSC accession number 5158) and D21f2 (CGSC accession
number 5162) were obtained from the Coli Genetic Stock Center (CGSC, New Haven,
CT), while the strain JM109 (ATCC accession number 53323) was purchased from
New England Biolabs, MA (catalog#E4107S). Shewanella oneidensis MR-1 (ATCC
accession number 700550) was obtained from the Pacific Northwest National
Laboratory (PNNL, Richland, WA) (Venkateswaran et al. 1999). All the cells were
grown with constant agitation at 30 °C with no external air supply. Luria bertani (LB)
broth (25g/l) served as the growth medium for E. coli cells, while 40% Tryptic soy
broth (TSB) (12 g/l) was used for culturing Shewanella cells. All the cell cultures were
grown, from the frozen stock, for two complete growth cycles (22 hours each) before
inoculating them in 1:100 ratios for final experiments.

4.3.2 Growth curve experiments
The inoculum cells were diluted in 1:100 ratio in respective growth media and
distributed in 50 ml volume sterile centrifuge tubes (VWR, West Chester, PA). Each
tube contained 15 ml culture and 20 tubes were prepared corresponding to duplicates
of ten different sampling times. At every sampling interval, two tubes were withdrawn
from the 30 °C shaker table and the cells were centrifuged for 7 minutes at 9000 rpm
(8422 x g). The supernatant was discarded and the cells were resuspended in 10 mM
potassium chloride (KCl) solution and the centrifugation step was repeated. The cells
from one of these tubes were resuspended in 10 mM KCl, while the culture in the
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other tube was resuspended in 2 M ammonium sulfate (in 10 mM KCl). These samples
were then used for hydrophobicity measurement by the MATH test, cell size
measurement by Coulter Counter and total protein enumeration by BCA Protein assay
kit. All the measurements were conducted in triplicates and samples were collected at
0, 3, 6, 9, 12, 15, 18, 21, 24 and 30 hours. Optical density (OD600), hydrophobicity and
cell size were measured at each sampling interval, while the culture protein levels
were analyzed for samples collected every six hours.

4.3.3 Starvation Experiments
Starvation experiments were carried out for a total duration of 30 days with
daily sampling for first 7 days corresponding to short-term starvation and then at 10,
20 and 30 days that corresponds to relatively long-term starvation. Cells were grown
as described in the previous section on bacterial cultivation, at 30 °C for 22 hours to
stationary growth phase. These cells were washed with a buffer solution consisting of
10mM KCl in deionized water (DI) and then diluted in 1:20 ratio in freshly autoclaved
buffer solution. These samples were then distributed in 22 50-ml volume sterile
centrifuge tubes, each containing 15 ml cell culture. The samples were continuously
mixed using a shaker table maintained at 30 °C. At each sampling interval, two of
these tubes were withdrawn and cells were washed in 10 mM KCl solution. Cells from
one tube were resuspended in 15 ml, 10 mM KCl for the MATH test, while the cells
from other tube were resuspended in 15 ml, 2 M ammonium sulfate in 10mM KCl
solution for salt assisted-MATH test. These cells were also analyzed for optical
density, cell size and total protein content.

4.3.4 Hydrophobicity Measurement by MATH test
Bacterial hydrophobicity was measured by a liquid-liquid two-phase
partitioning assay, known as the Microbial Adhesion to Hydrocarbons (abv. as
MATH) test. The procedure for this widely used technique is defined elsewhere
(Pembrey et al. 1999). Briefly, 4 ml of cell culture suspended in 10 mM KCl was
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mixed with 1 ml of dodecane in a glass culture tube and the solution was mixed for 2
minutes using a vortex mixer. The phases were then allowed to separate at room
temperature for 15 minutes. An aliquot was carefully removed from the aqueous phase
using a disposable pipette and its absorbance (AMATH) was measured at 600 nm using a
UV-VIS spectrophotometer. This absorbance was then compared with that of a control
culture without hydrocarbon addition (Acontrol) and the percentage bacterial
hydrophobicity was calculated as

Hydrophobicity(%) 

Acontrol  AMATH
100
Acontrol

The control cultures represent the cells washed and suspended in the aqueous
phase and were not subjected to the MATH assay (hydrocarbon addition). The MATH
samples represent the cells that were subjected to the MATH assay and were used to
determine the hydrophobicity of bacterial cultures as well as the change in cell size
due to hydrocarbon exposure during the MATH (and SA-MATH) test. Our previous
research, with the bacterial cultures used in this study, has shown them to be weakly
hydrophobic, especially the E. coli strains (unpublished results). Addition of high
concentration of a lyotroph, ammonium sulfate, to the aqueous phase was found to
enhance the hydrophobicity of these strains, as measured by the MATH assay
(unpublished results). We termed this modification to the MATH test as the saltassisted microbial adhesion to hydrocarbon (SA-MATH) test. The only difference
between the MATH and SA-MATH test is the aqueous suspension phase
concentration of ammonium sulfate. While the former uses 10 mM KCl as the
suspension phase, the latter employs 2 M (NH4) 2SO4 in 10 mM KCl as the suspension
medium for bacteria. In the present work, we used both the standard as well as (NH4)
2SO4-assisted

MATH assay for measuring the hydrophobicity of bacterial samples.
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4.3.5 Biomass measurement
Two measures of biomass concentration, optical density and total protein
content, were quantified for all the samples. The absorbance of the cell cultures was
measured at 600 nm using a UV-VIS spectrophotometer. The total protein content of
cell cultures was measured using the Micro BCATM protein assay kit (Pierce
Biotechnology, product#23235, Rockford, IL). The samples were pretreated with
Compat-AbleTM protein assay preparation reagent set (Pierce Biotechnology,
product#23215) for removing interfering substances prior to total protein enumeration.

4.3.6 Cell Size Measurements
Mean cell sizes (equivalent spherical radius) were measured by a coulter
counter (Beckman Coulter, Brea, CA) MultisizerTM 3, using a 30 µm aperture tube and
Isotone II diluent. Size measurements were conducted for control cultures (cells
suspended in aqueous phase without any hydrocarbon addition), and bacterial samples
from both the MATH and SA-MATH tests.

4.4 Results & Discussion
Biofouling is a much-discussed topic in industrial and marine microbiology as
well as medicinal science. Since it is a pseudonym for unwanted and disadvantageous
biofilms, the study of biofouling is actually a research into biofilm development.
Important aspects of biofilm formation are the initial adhesion as well as propagation
(growth), both of which are functions of cell hydrophobicity, size and biomass. These
properties in turn are critically dependant on the nutrient availability, namely the
growth and starvation conditions. While it is known that bacteria have excess nutrients
in food and dairy industries, human and animal bodies, water treatment and bioaugmentation systems; they have to contend with substrate-limitations in distribution
pipes, surface and subsurface flow, and microbial enhanced oil recovery (MEOR), etc.
In this work, we detail the changes in bacterial properties namely, biomass (OD and
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protein), hydrophobicity and size due to growth and starvation conditions for four
gram-negative bacteria.

4.4.1 Effects on biomass
The changes in biomass measures, optical density (OD600) and total protein, are
presented for growth and starvation conditions in Figs. 4.1 and 4.2 respectively. These
results correspond to the control cultures that were used for the MATH and SAMATH tests and only differ in the ammonium sulfate concentration in the aqueous
phase (0 M for MATH samples and 2M for SA-MATH). Additionally, these cells had
not been exposed to hydrocarbons.
The growth trends were as expected with a brief lag phase, followed by
logarithmic increase and stationary growth phase (Monod 1949; Metcalf and Eddy
2003). The OD and total protein measurements for both MATH as well as the SAMATH cultures followed the general growth trend and did not show much variation
after about 9 hours of growth time (Fig. 4.1). The optical density of both MATH and
SA-MATH cultures were roughly the same for most of the bacterial cultures, except
for S. oneidensis MR-1 cells (Fig. 4.1(a)). Cell aggregates were observed for SAMATH cultures of strain MR-1. Other cultures did not exhibit any visible cell
aggregates.
For starved cultures, significant variability was observed for short-term
starvation of up to 7 days, after which the cell properties exhibited more uniform
trends (Fig. 4.2). The presence of high salt concentration in SA-MATH cultures
resulted in lower optical densities of the cultures, as compared to the MATH cultures,
with the most significant differences for S. oneidensis MR-1 cells (Fig. 4.2(a)). This
behavior of MR-1 cells was consistent with the observed cell aggregates. An
interesting feature of the E. coli strains was the drastic drop in biomass indicators
between 2 to 5 days of starvation, followed by an increase.
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Figure. 4.1. The variations in biomass (OD600 and total protein), under growth conditions, for strains: (a) S. oneidensis MR-1,
(b) E. coli JM109, (c) E. coli D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard deviation
of triplicate samples, respectively. MATH and SAT refer to control cultures from the MATH and SA-MATH tests and were
not subjected to hydrocarbon exposure.
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Figure 4.2. The variations in biomass (OD600 and total protein), under starvation conditions, for strains: (a) S. oneidensis MR1, (b) E. coli JM109, (c) E. coli D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard
deviation of triplicate samples, respectively. MATH and SAT refer to control cultures from the MATH and SA-MATH tests
and were not subjected to hydrocarbon exposure.
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An important difference in the cell behavior between the growth and starvation
conditions is the susceptibility to changes, like salt addition. For growth cultures, the
differences between biomass measures for the MATH and SA-MATH cultures were
not very significant (except for S. oneidensis MR-1 cell density, which is attributed to
cell aggregation). All the bacteria exhibited similar trends for MATH and SA-MATH
cultures over the growth experiment duration (Fig. 4.1). This was not the case for
starved cultures, except for E. coli strains D21 and D21f2 for an initial period of about
5 days (Fig. 4.2). Significant variations were observed between the biomass indicators
for starved MATH and SA-MATH cultures.

4.4.2 Effect on Hydrophobicity
The changes in cell hydrophobicity, as measured by the MATH and SAMATH tests, for growth and starvation conditions are presented in figures 4.3 and 4.4
respectively. As already noted for biomass trends, the growth conditions lead to
uniformity in hydrophobicity values after about 6 hours of growth (Fig. 4.3). E. coli
D21 cells exhibited significant variations in hydrophobicity values over the growth
period of 30 hours (Fig. 4.3(c)). An interesting observation was the decrease in
hydrophobicity from lag phase to stationary growth phase for all of the cultures tested
here. Additionally SA-MATH cultures consistently had higher hydrophobicity than
the corresponding MATH samples thereby verifying the ability of ammonium sulfate
addition in enhancing the hydrophobicity of these strains (Fig. 4.3). The most
significant hydrophobicity increase was observed for S. oneidensis MR-1 cells (Fig.
4.3(a)). The strains used in this study, were observed to be weakly hydrophobic for the
stationary growth phase, especially the E. coli strains JM 109 and D21f2. These results
are consistent with our previous studies with these strains (unpublished results).
Previous studies have reported mixed trends of hydrophobicity between the
logarithmic and stationary growth phases. Higher hydrophobicity was observed for
stationary growth phase as compared to the logarithmic phase cultures in a number of
past studies (Hazen et al. 1986; Allison et al. 1990; Nejidat et al. 2004; Walker et al.

74
2005; Zikmanis et al. 2007). Opposite trends, i.e. hydrophobicity decrease with cell
age was reported in some other studies (Heise and Gust 1999; Jana et al. 2000;
Khemakhem et al. 2005; Gargiulo et al. 2007; Wang and Han 2007). Our results
follow similar trends of hydrophobicity decrease with growth age.
Significant variations in hydrophobicity were observed for shorter starvation
durations of up to 7 days. This is especially evident for S. oneidensis MR-1 and E. coli
strains JM 109 and D21f2 (Fig. 4.4). For longer starvation periods (10 to 30 days), the
MATH and SA-MATH cultures exhibited similar trends, with consistently higher
hydrophobicity for SA-MATH cultures. E. coli strains JM 109 and D21 were more
hydrophobic at longer starvation durations as compared to short term. Strain D21f2
exhibited much more uniform hydrophobicity trend than other cultures. On the other
hand, S. oneidensis MR-1 cells were less hydrophobic for extended starvation periods
(Fig. 4.4(a)). Similar results of decreasing hydrophobicity with starvation duration
have been reported (Galdiereo et al. 1994; Heise and Gust 1999; Castellanos et al.
2000; Sanin et al. 2003; Myszka et al. 2007). Opposite trends, i.e. hydrophobicity
increase with longer starvation durations were observed for Enterococcus faecalis
(George and Kishen 2007), Aeromonas hydrophila (Ascencio et al. 1995), Vibrio
parahaemolyticus (Wong and Chang 2005) and E. coli from sewage (Haznedaroglu et
al. 2008).

4.4.3 Effect on cell size
Cell size exhibited uniformity during the stationary growth phase, which was
preceded by a decrease during the logarithmic cell growth phase (Fig. 4.5). All the
bacterial strains exhibited smaller cell sizes during the stationary growth phase as
compared to the exponential growth phase. We believe that the relatively higher cell
size during the log-growth phase (especially for t=3 hrs) is due to cell division.
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Figure 4.3. The variations in hydrophobicity (% Hyd), under growth conditions, for strains: (a) S. oneidensis MR-1, (b) E. coli
JM109, (c) E. coli D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard deviation of triplicate
samples, respectively.
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Figure 4.4. The variations in hydrophobicity (% Hyd), under starvation conditions, for strains: (a) S. oneidensis MR-1, (b) E.
coli JM109, (c) E. coli D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard deviation of
triplicate samples, respectively.
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Fig. 4.5. The variations in cell size, under growth conditions, for strains: (a) S. oneidensis MR-1, (b) E. coli JM109, (c) E. coli
D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard deviation of triplicate samples,
respectively.
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Fig. 4.6. The variations in cell size, under starvation conditions, for strains: (a) S. oneidensis MR-1, (b) E. coli JM109, (c) E.
coli D21 and (d) E. coli D21f2. Symbols and error bars represent the average and standard deviation of triplicate samples,
respectively.
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Additionally, control cultures and MATH samples demonstrated similar cell
sizes with cell age under nutrient-rich conditions. Similar was also observed for
control and sample cultures for SA-MATH experiments, especially for E. coli strains
JM109 and D21 (Fig. 4.5).
Interesting cell size results were obtained for starved cultures as shown in
Figure 4.6. While the control cultures exhibited very uniform cell sizes for all the
strains over the starvation period, the MATH samples showed significant size
variations, especially during the first 7 days. Additionally, the control cultures used for
SA-MATH test also showed insignificant size changes over the starvation duration,
especially for the E. coli strains. Similar to the hydrophobicity trends, strain D21 had
the least variations in cell size for shorter starvation durations, as compared to other
strains (Fig. 4.6). Overall, the cells subjected to the hydrophobicity assays (MATH
and SA-MATH) consistently had larger cell size than corresponding control cells.
Additionally, except for strain D21f2, all other starved MATH samples exhibited
significantly larger cell size at longer starvation durations, as compared to short-term
starvation (Fig. 4.4).
There is a scarcity of literature on cell size variations under starvation
conditions, so it was difficult to compare our results to previously reported values.
Several marine bacteria have been reported to exhibit continuous size reduction during
22 hours of starvation (Kjelleberg and Hermansson 1984), while mixed trends were
observed for E. coli during 18 hr starvation (Haznedaroglu et al. 2008). E. coli from a
human source exhibited size reduction for first 12 hrs followed by an increase at 18 hr,
while those extracted from dairy cattle increased in cell size during the 18 hr
starvation period (Haznedaroglu et al. 2008).

4.4.4 Susceptibility of cells to salt concentration and hydrocarbon exposure
Cell sizes of the MATH and SA-MATH samples, as well as those of the
corresponding control cultures, under growth (Fig. 4.5) and starvation (Fig. 4.6)
conditions is presented. These results represent the effect of hydrocarbon exposure of
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cells, without and with the presence of high salt concentration, during the MATH and
SA-MATH tests respectively.
As depicted in Fig. 4.5, the MATH samples exhibited roughly the same size as
the control samples for growth conditions. In other words, the effect of hydrocarbon
exposure was negligible for cells in log-growth and stationary growth phases. Similar
trends were observed for the SA-MATH samples where the differences in sample and
control sizes were insignificant. The only exception to this trend was S. oneidensis
MR-1 cells that exhibited an increase in average cell size (~10%) from hydrocarbon
exposure of cells containing 2 M ammonium sulfate (Fig. 4.5(a)). This is consistent
with the observed visible cell aggregates for MR-1 cells, which were absent for other
cultures. Another interesting observation is the lack of variations in these values over
the stationary growth phase (≥ 6 hours of growth), which again is consistent with our
observations of other cell properties over the duration for growth experiment (Figs. 4.1
and 4.3). These results are in line with our previous observations of less than 10% size
change for MATH and SA-MATH samples (as compared to control samples) of these
cultures that were grown to stationary growth phase (unpublished results).
Hydrocarbon exposure has been reported to cause cell size changes. Pseudomonas
putida exhibited size increase in presence of phenol and 4-chlorophenol, while
Enterobacter sp. cells were observed to have dose-dependent size changes in presence
of n-butanol (Neumann et al. 2005).
Starved cells, on the other hand, were highly susceptible to hydrocarbon
exposure and salt presence (Fig. 4.6). As already described for bacterial biomass and
hydrophobicity (Figs. 4.2 and 4.4), shorter starvation durations of up to 7 days were
observed to exhibit significant variations in cell sizes during the MATH and SAMATH tests. Even for longer starvation periods, cell sizes of assay samples did not
reach uniform values and exhibited variations (though not as significant as for the
samples for first seven days of starvation), except for D21f2 MATH samples. No
general trend was observed between cell sizes for MATH and SA-MATH samples.
For strains D21 and D21f2, the cell sizes for SA-MATH samples were consistently
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higher than those for MATH samples for longer starvation durations (Fig. 4.6). In
general, our results indicate significant variations in bacterial properties during the
first 7 days. Interestingly, the cell sizes for control cultures (for both MATH and SAMATH assays) exhibited insignificant changes over the starvation duration. These
observations clearly demonstrate a higher susceptibility of starved cells to external
stimuli as compared to growth cultures. Previous studies have reported changes in cell
properties for “starvation survival” (Kjelleberg and Hermansson 1984; Morita 1988;
Chung et al. 2006). We believe that the significant variations in cell parameters during
the first 7 days of starvation are due to bacterial acclimatization to starvation
conditions.

4.5 Implications
We observed the effect of growth and starvation conditions on bacterial
biomass, size and hydrophobicity and found that starvation conditions, especially
shorter durations, lead to significant variations. Cells under nutrient-rich conditions
were observed to achieve uniform values of measured parameters at the onset of
stationary growth phase. The bacterial parameters studied here are of relevance to
microbial adhesion and transport as well as biofilm development. Changes in
hydrophobicity and protein content are related to the ability of bacteria to attach to
surfaces (Walker et al. 2005; Gargiulo et al. 2007; Bolster et al. 2009) and hence
variations due to starvation will potentially lead to enhanced or reduced attachment to
biofilms and surfaces (depending on the properties of receiving surfaces). It is to be
noted that bacteria attached in biofilms are much more resistant to changes in
environmental conditions and hence these results cannot be directly transferred to
biofilms behavior, rather they provide a qualitative understanding of biofilm behavior.
Under starvation conditions, we can expect the bacteria to exhibit smaller cell size,
reduced

protein

content

(Kjelleberg

and

Hermansson

1984)

and

altered

hydrophobicity, which may lead to their detachment from surfaces and potential
compaction of biofilms. On the other hand, the results of this study are directly
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transferable to bacterial adhesion and transport and we can expect the starved bacteria
to possibly exhibit higher adhesion to hydrophobic substrates. Additionally, these cells
will be much more susceptible to changes in environmental and nutritional conditions.

4.6 Conclusions
Experiments were conducted to study the effect of growth and starvation
conditions (both short and long term) on cell adhesion and transport parameters,
namely, biomass (optical density and total protein), cell size and hydrophobicity. For
growth conditions, saturation in measured properties was observed starting the onset
of stationary growth phase, except for hydrophobicity of E. coli D21 cells. During
short-term starvation, significant variations in measured properties were observed for
all the cell cultures. For longer starvation durations of up to 30 days, the biomass
concentration declined while the hydrophobicity and cell size attained saturation
values for most of the cultures. Application of a lyotroph, ammonium sulfate, at high
concentration was shown to consistently result in enhanced bacterial hydrophobicity
(except for starved S. oneidensis MR-1 cells), which may be a valuable tool in
biofouling remediation. Hydrocarbon exposure during the MATH and SA-MATH test
did not affect the cell size for cells in log-growth and stationary growth phase. Starved
cells, on the other hand, were much more susceptible to cell size changes due to
hydrocarbon exposure. These results are of importance to biological processes
involving bacterial adhesion and biofouling and describe the temporal nature of such
processes under varying nutrient conditions.

4.7 Acknowledgements
This research was funded by the National Science Foundation (NSF) under Grant
0449452-BES “CAREER: Microbial Transport and Adhesion- A Multiscale
Approach”. Nicole Nasholm was supported by a Summer Internship from the
Subsurface Biosphere Initiative (SBI) program of Oregon State University. The first
author would like to thank Anders Larsson, Guest Editor for this special issue, for the

83
invitation for this contribution. We also thank Jeff Nason for the use of Coulter
Counter.

4.8 References
Allison, D.G., Evans, D.J., Brown, M.R.W. and Gilbert, P. (1990) Possible
involvement of the division cycle in dispersal of Escherichia coli from biofilms. J
Bacteriol 172, 1667-1669.
Ascencio, F., Ljungh, A. and Wadstrom, T. (1995) Cell-surface properties of the foodand water-borne pathogen Aeromonas hydrophila when stored in buffered saline
solutions. Arch Microbiol 163, 366-372.
Bayston, R. (2000) Biofilm infections on implant surfaces. In Biofilms: Recent
advances in their study and control ed. Evans, L.V. pp.117-131. Amsterdam:
Harwood academic publishers.
Bolster, C.H., Hazendaroglu, B.Z. and Walker, S.L. (2009) Diversity in cell properties
and transport behavior among 12 different environmental Escherichia coli isolates. J
Environ Qual 38, 465-472.
Camper, A.K. and McFeters, G.A. (2000) Biofouling in drinking water systems. In
Industrial biofouling: Detection, prevention and control eds. Walker, J., Surman, S.
and Jass, J. pp.13-38. Chichester: John Wiley & Sons, Ltd.
Castellanos, T., Ascencio, F. and Bashan, Y. (2000) Starvation induced changes in the
cell surface of Azospirillum lipoferum. FEMS Microbiol Ecol 33, 1-9.
Characklis, W.G. (1990) Microbial fouling. In Biofilms eds. Characklis, W.G. and
Marshall, K.C. pp.523-584. New York: John Wiley & Sons, Inc.
Characklis, W.G. and Marshall, K.C. (1990) Biofilms: A basis for an interdisciplinary
approach. In Biofilms eds. Characklis, W.G. and Marshall, K.C. pp.3-15. New York:
John Wiley & Sons, Inc.
Characklis, W.G., Marshall, K.C. and McFeters, G.A. (1990a) The microbial cell. In
Biofilms eds. Characklis, W.G. and Marshall, K.C. pp.131-160. New York: John
Wiley & Sons, Inc.

84
Characklis, W.G., McFeters, G.A. and Marshall, K.C. (1990b) Physiological ecology
in biofilm systems. In Biofilms eds. Characklis, W.G. and Marshall, K.C. pp.341-394.
New York: John Wiley & Sons, Inc.
Christensen, B.E. and Characklis, W.G. (1990) Physical and chemical properties of
biofilms. In Biofilms eds. Characklis, W.G. and Marshall, K.C. pp.93-130. New York:
John Wiley & Sons, Inc.
Chung, H.J., Bang, W. and Drake, M. (2006) Stress response in Escherichia coli.
CRFSFS 5, 52-64.
Coetser, S.E. and Cloete, T.E. (2005) Biofouling and biocorrosion in industrial water
systems. Crit Rev Microbiol 31, 213-232.
Crolet, J.-L. (2005) Microbial corrosion in the oil industry: a corrosionist's view. In
Petroleum Microbiology eds. Ollivier, B. and Magot, M. pp.143-169. Wahington, D
C: ASM Press.
Cunningham, A.B., Bouwer, E.J. and Characklis, W.G. (1990) Biofilms in porous
media. In Biofilms eds. Characklis, W.G. and Marshall, K.C. pp.697-732. New York:
John Wiley & Sons, Inc.
Cunningham, A.B., Sharp, R.R., Caccavo Jr., F. and Gerlach, R. (2007) Effects of
starvation on bacterial transport through porous media. Adv Water Resour 30, 15831592.
Dobertsov, S., Dahms, H.-U. and Qian, P.-Y. (2006) Inhibition of biofouling by
marine microorganisms and their metabolites. Biofouling 22, 43-54.
Elimelech, M., Gregory, J., Jia, X. and Williams, R.A. (1995) Particle deposition &
aggregation. Woburn, MA: Butterworth Heinemann.
Flemming, H.-C. (2002) Biofouling in water systems - cases, causes and
countermeasures Appl Microbiol Biotechnol 59, 629-640.
Flemming, H.-C. and Griebe, T. (2000) Control of biofouling in industrial waters and
processes. In Industrial biofouling: Detection, prevention and control eds. Walker, J.,
Surman, S. and Jass, J. pp.125-141. Chichester: John Wiley & Sons, Ltd.
Galdiereo, E., Donnarumma, G., Martino, L.D., Marcatili, A., de l'Ero, G.C. and
Merone, A. (1994) Effect of low-nutrient seawater on morphology, chemical
composition, and virulence of Salmonella typhimurium. Arch Microbiol 162, 41-47.

85
Gargiulo, G., Bradford, S.A., Simunek, J., Ustohal, P., Vereecken, H. and Klumpp, E.
(2007) Transport and deposition of metabolically active and stationary phase
Deinococcus radiodurans in unsaturated porous media. Environ Sci Technol 41, 12651271.
George, S. and Kishen, A. (2007) Effect of tissue fluids on hydrophobicity and
adherence of Enterococcus faecalis to dentin. J Endodontics 33, 1421-1425.
Hazen, K.C., Plotkin, B.J. and Klimas, D.M. (1986) Influence of growth conditions on
cell surface hydrophobicity of Candida albicans and Candida glabrata. Infect Immun
54, 269-271.
Haznedaroglu, B.Z., Bolster, C.H. and Walker, S.L. (2008) The role of starvation on
Escherichia coli adhesion and transport in saturated porous media. Water Res 42,
1547-1554.
Heise, S. and Gust, G. (1999) Influence of the physiological status of bacteria on their
transport into permeable sediments. Mar Ecol Prog Ser 190, 141-153.
Herrera, L.K. and Videla, H.A. (2009) Role of iron-reducing bacteria in corrosion and
protection of carbon steel. Int Biodeterior Biodegrad 63, 891-895.
Huang, H. and Larter, S. (2005) Biodegradation of petroleum in subsurface geological
reservoirs. In Petroleum Microbiology eds. Ollivier, B. and Magot, M. pp.91-121.
Wahington, D C: ASM Press.
Irvin, R.T. (1990) Hydrophobicity of proteins and bacterial fimbriae. In Microbial cell
surface hydrophobicity eds. Doyle, R.J. and Rosenberg, M. pp.137-177. Washington,
DC: ASM.
Israelachvili, J. (1992) Intermolecular & surface forces. San Diego, CA: Academic
Press.
Jana, T.K., Srivastava, A.K., Csery, K. and Arora, D.K. (2000) Influence of growth
and environmental conditions on cell surface hydrophobicity of Pseudomonas
fluorescens in non-specific adhesion. Can J Microbiol 46, 28-37.
Jass, J. and Walker, J.T. (2000) Biofilms and biofouling. In Industrial biofouling:
Detection, prevention and control eds. Walker, J., Surman, S. and Jass, J. pp.1-12.
Chichester: John Wiley & Sons, Ltd.
Jones, J.F., Feick, J.D., Imoudu, D., Chukwumah, N., Vigeant, M. and Velegol, D.
(2003) Oriented adhesion of Escherichia coli to polystyrene particles. Appl Env
Microbiol 69, 6515-6519.

86
Khemakhem, W., Ammar, E. and Bakhrouf, A. (2005) Effect of environmental
conditions on hydrophobicity of marine bacteria adapted to textile effluent treatment.
World J Microbiol Biotechnol 21, 1623-1631.
Kjelleberg, S. and Hermansson, M. (1984) Starvation-induced effects on bacterial
surface characteristics. Appl Environ Microbiol 48, 497-503.
Lee, A.K. and Newman, D.K. (2003) Microbial iron respiration: impacts on corrosion
process. Appl Microbiol Biotechnol 62, 134-139.
Lewandowski, Z. (1994) Dissolved oxygen gradients near microbially colonized
surfaces. In Biofouling and Biocorrosion in industrial water systems eds. Geesy, G.G.,
Lewandowski, Z. and Flemming, H.-C. pp.175-188. Boca Raton: CRC Press.
Li, B. and Logan, B.E. (2005) The impact of ultraviolet light on bacteial adhesion to
glass and metal oxide-coated surface. Colloids Surf B 41, 153-161.
Marshall, K.C. (1994) Analysis of bacterial behavior during biofouling of surfaces. In
Biofouling and Biocorrosion in industrial water systems eds. Geesy, G.G.,
Lewandowski, Z. and Flemming, H.-C. pp.15-26. Boca Raton: CRC Press.
Metcalf and Eddy (2003) Wastewater Engineering: Treatment and Reuse: McGrawHill.
Mittelman, M.W. (1996) Adhesion to biomaterials. In Bacterial Adhesion ed. Fletcher,
M. pp.89-127. New York: Wiley-Liss Inc.
Monod, J. (1949) The growth of bacterial cultures. Ann Rev Microbiol 3, 371-394.
Monroe, D. (2007) Looking for chinks in the armor of bacterial biofilms. PLoS Biol 5,
2458-2461.
Morita, R. (1988) Bioavailability of energy and its relationship to growth and
starvation survival in nature. Can J Microbiol 34, 436-441.
Morton, G. (2000) Problems of biofilms in industrial waters and processes. In
Industrial biofouling: Detection, prevention and control eds. Walker, J., Surman, S.
and Jass, J. pp.79-101. Chichester: John Wiley & Sons, Ltd.
Myszka, K., Czaczyk, K., Schmidt, M.T. and Olejnik, A.M. (2007) Cell surface
properties as factors involved in Proteus vulgaris adhesion to stainless steel under
starvation conditions. World J Microbiol Biotechnol 23, 1605-1612.

87
Nealson, K.H., Belz, A. and McKee, B. (2002) Breathing metals as a way of life:
geobiology in action. Antonie Leeuwenhoek 81, 215-222.
Nejidat, A., Saadi, I. and Ronen, Z. (2004) Degradation of 2,4,6-tribromophenol by
bacterial cells attached to chalk collected from a contaminated aquifer. J Appl
Microbiol 96, 844-852.
Neumann, G., Veeranagouda, Y., Karegoudar, T.B., Sahin, O., Mausezahl, I.,
Kabelitz, N., Kappelmeyer, U. and Heipieper, H. (2005) Cells of Pseudomonas putida
and Enterobacter sp. adapt to toxic organic compounds by increasing their size.
Extremophiles 9, 163-168.
Ollivier, B. and Cayol, J.-L. (2005) The fermentative, iron-reducing and nitratereducing microorganisms. In Petroleum Microbiology eds. Ollivier, B. and Magot, M.
pp.71-88. Wahington, D C.
Pembrey, R.S., Marshall, K.C. and Schneider, R.P. (1999) Cell surface analysis
techniques: What do cell preparation protocols do to cell surface properties. Appl
Environ Microbiol 65, 2877-2894.
Percival, S.L. (2000) Detection of biofilms in industrial waters and processes. In
Industrial biofouling: Detection, prevention and control eds. Walker, J., Surman, S.
and Jass, J. pp.103-124. Chichester: John Wiley & Sons, Ltd.
Rosenberg, M. (1984) Ammonium sulphate enhances adherence of Escherichia coli J5 to hydrocarbon and polystyrene. FEMS Microbiol Lett 25, 41-45.
Rosenberg, M., Gutnick, D. and Rosenberg, E. (1980) Adherence of bacteria to
hydrocarbons: A simple method for measuring cell-surface hydrophobicity. FEMS
Microbiol Lett 9, 29-33.
Sanin, S.L., Sanin, F.D. and Bryers, J.D. (2003) Effect of starvation on the adhesive
properties of xenobiotic degrading bacteria. Process Biochem 38, 909-914.
Vacheethasanee, K. and Marchant, R.E. (2000) Nonspecific Staphyococcus epidermis
adhesion. In Handbook of bacterial adhesion eds. An, Y.H. and Friedman, R.J. pp.7390. Totowa, NJ: Humana Press.
Venkateswaran, K., Moser, D.P., Dollhopf, M.E., Lies, D.P., Saffarini, D.A.,
MacGregor, B.J., Ringelberg, D.B., White, D.C., Nishijima, M., Sano, H., Burghardt,
J., Stackebrandt, E. and Nealson, K.H. (1999) Polyphasic taxonomy of the genus
Shewanella and description of Shewanella oneidensis sp. nov. International Journal of
Systematic Bacteriology 49, 705-724.

88
Verran, J. and Jones, M. (2000) Problems of biofilms in the food and beverage
industry. In Industrial biofouling: Detection, prevention and control eds. Walker, J.,
Surman, S. and Jass, J. pp.145-173. Chichester: John Wiley & Sons, Ltd.
Walker, S.L., Hill, J.E., Redman, J.A. and Elimelech, M. (2005) Influence of growth
phase on adhesion kinetics of Escherichia coli D21g. Appl Environ Microbiol 71,
3093-3099.
Wang, Y.-B. and Han, J.-Z. (2007) The role of probiotic cell wall hydrophobicity in
bioremediation of aquaculture. Aquaculture 269, 349-354.
Waters, M.S., Salas, E.C., Goodman, S.D., Udwadia, F.E. and Nealson, K.H. (2009)
Early detection of oxidized surfaces using Shewanella oneidensis MR-1 as a tool.
Biofouling 25, 163-172.
Wilpenny, J. (2000) Structural determinants in biofilm formation. In Biofilms: Recent
advances in their study and control ed. Evans, L.V. pp.35-49. Amsterdam: Harwood
academic publishers.
Wong, H.-C. and Chang, C.-N. (2005) Hydrophobicity, cell adherence, cytotoxicity,
and enterotoxigenicity of starved Vibrio parahaemolyticus. J Food Protect 68, 154156.
Yu, F.P. and McFeters, G.A. (2000) Study of biofouling control with fluorescent
probes and image analysis. In Biofilms: Recent advances in their study and control ed.
Evans, L.V. pp.401-418. Amsterdam: Harwood academic publishers.
Zhao, Q. and Liu, Y. (2006) Modification of stainless steel surfaces by electroless NiP and small amount of PTFE to minimize bacterial adhesion. J Food Eng 72, 266-272.
Zikmanis, P., Shakirova, L., Auzina, L. and Andersone, I. (2007) Hydrophobicity of
bacteria Zymomonas mobilis under varied environmental conditions. Process Biochem
42, 745-750.

89

CHAPTER 5

Hydrocarbon-based liquid-liquid partitioning assay for determining
the hydrophobic interaction affinity of colloids

Gaurav Saini* and Brian D. Wood
School of Chemical, Biological and Environmental Engineering, Oregon State
University, Corvallis, OR 97331-2702

Submitted for publication to:
Journal of Colloid and Interface Science
Elsevier

90
5.1 Abstract
We present a simple and quick assay, based on partitioning at an aqueoushydrocarbon interface, for colloidal hydrophobicity assessment. The results of
proposed assay were comparable to water contact angles for six of the eight colloid
sizes tested here. Addition of ammonium sulfate to the standard assay was also shown
to enable the hydrophobicity determination of weakly hydrophobic colloids.

5.1.1. Graphical Abstract

Schematics of the hydrophobicity assessment assay
Relative partitioning of the colloids at an aqueous-hydrocarbon interface is used as an
indicator of the hydrocarbon interaction affinity of the colloids.

5.2 Introduction
Hydrophobic interactions constitute an important class of force interactions
between colloids and surfaces. These long-range interactions are usually treated as
Lewis acid-base forces in theory and have been hypothesized to be larger in magnitude
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than Van der Waals interactions (Israelachvili 1992; van Oss 1994; Elimelech et al.
1998). Hydrophobicity has been implicated as a significant factor for colloid stability,
mobility and colloid-assisted contaminant transport as well as nanoparticle-protein
interactions (McCarthy and Zachara 1989; Breiner et al. 2006; Liu and Lee 2006;
Cedervall et al. 2007).
Colloid hydrophobicity is usually determined by contact angle measurements
(Preuss and Butt 1998; Bachmann et al. 2000; Shang et al. 2008). Some other methods
also exist that quantify the wettability properties of colloids, especially soil particles
(Klitzke and Lang 2007). However, most of these methods are time and resource
intensive and require specialized instrumentation (Rosenberg and Doyle 1990;
Rosenberg 2006; Abreu et al. 2010). Further, these are not without their share of issues
related to quantification of measured properties (Bachmann et al. 2000; Shang et al.
2008). A simple and quick technique for hydrophobicity measurement is missing from
the colloid literature.
Bio-colloids (including bacteria, viruses, pathogens, etc.), which form an
important class of colloids, have been extensively studied and several hydrophobicity
determination techniques have been developed over the years. Some of the more
commonly used methods are microbial adhesion to hydrocarbons (MATH) (Rosenberg
and Doyle 1990; Rosenberg 1991; 2006), salt-aggregation test (SAT) (Lindahl et al.
1981; Rosenberg 1984), hydrophobic interaction chromatography (HIC) (Dillon et al.
1986; Rosenberg and Doyle 1990; Rosenberg 1991; 2006) and contact angles
(Rosenberg and Doyle 1990). Among these, the MATH test has been very popular
among applied microbiologists for its simplicity, ease of operation and relatively short
duration (about 30 minutes). This technique is based on relative partitioning of
microbes at an aqueous-hydrocarbon interface. This assay has a wide range and can be
modified by addition of high salt concentration (e.g. 2 M ammonium sulfate) to
determine the hydrophobicity of weakly hydrophobic microbes (Rosenberg 1984).
Although the MATH test is sometimes criticized to be somewhat semi-quantitative
(Rosenberg and Doyle 1990), it has found wide acceptance among applied
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microbiologists. This assay can be profitably employed to yield a quick measure of
hydrophobic interaction affinity of colloids.
The aim of this study is to investigate the applicability of the MATH assay for
determining the hydrophobicity of colloids. A range of colloidal sizes were used here
and the MATH hydrophobicity results were compared against water contact angle
measurements. Application of salt addition to the standard MATH test was also
studied as a means of hydrophobicity assessment of weakly hydrophobic colloids.

5.3 Experimental Section
5.3.1 Hydrophobicity Measurement
5.3.1.1 MATH Test
The experimental protocol of the MATH test is used as has been
described previously (Pembrey et al. 1999). Briefly, the colloids were suspended in 10
mM potassium chloride solution and vortexed vigorously to break aggregates (if any
present). Four ml of the colloidal suspension was then transferred to a glass culture
tube (10 ml vol.) and one ml of n-dodecane was added to it. The solution was vortexed
for 2 minutes and then left undisturbed for 15 minutes at room temperature to allow
for phase separation. A sample was carefully withdrawn from the aqueous phase using
a disposable polystyrene pipette and its absorbance was measured at 600 nm. This
value was compared with that of a control with no hydrocarbon addition. The
hydrophobic interaction affinity was calculated by using the fraction of particles that
partition over to the hydrocarbon phase, as described by

 Acont  AMATH 
Hydrophobicity(%)  100  

Acont


where, Acont and AMATH

(1)

are the absorbances of control and sample suspensions,

respectively. For each of the eight colloid sizes investigated here, three samples and
two controls were tested.
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5.3.1.2 Ammonium sulfate assisted MATH test
A modification of the MATH test was used to enhance the
hydrophobicity of colloids, esp. the weakly hydrophobic colloids, to enable more
sensitive quantification. The suspension medium used was 2M ammonium sulfate,
prepared in 10mM potassium chloride solution. The rest of the assay was the same as
that for the standard MATH test. This modification has been shown to enhance the
hydrophobicity of weakly hydrophobic bacteria (Rosenberg 1984). The same dilutions
were used to prepare colloidal suspensions for both the MATH as well as the saltassisted MATH (SA-MATH) test and are detailed in supporting information.

5.3.2 Colloids
Eight different monodisperse colloidal populations having mean sizes between
24 nm to 35 µm were used in this study. The particle properties (mean size, material
and specific gravity) are provided as supporting information. 24 nm colloidal silver sol
was obtained from NanoSonic (VA), 2 µm and 4.3 µm colloids from Duke Scientific
Corp. (CA), 11 µm and 35 µm from Potter Industries Inc. (PA), while the rest of the
colloids were obtained from Molecular Probes (OR). These were used as received
without further processing or cleaning.

5.3.3 Contact Angle Measurements
The hydrophobicity values obtained from the MATH and ammonium sulfateassisted MATH (SA-MATH) test were compared with water contact angles of
different colloids. The slides were prepared by a slight modification of the procedure
detailed by Shang et al. (2008) (Shang et al. 2008). Briefly, circular glass discs (15
mm diameter) were cleaned with ethanol, rinsed in copious amounts of DI and were
dried for few minutes at room temperature under a laminar flow hood. Dilute
suspensions of different colloidal sizes were prepared in DI and vortexed vigorously to
break aggregates. A summary of the colloidal dilutions used for preparing slides is
provided as supporting information. 100 µl of colloidal suspension is deposited very
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slowly on the cleaned slide using a pipettor. These slides were kept horizontal and
dried in a laminar-flow hood for two days, followed by oven-drying at 110° C for 12
hours.
The contact angles were measured using a Leica Z16 APO zoom system,
oriented in horizontal configuration. The images were captured using a digital CCD
color camera (Q Imaging Micropublisher 3.3 RTV, Canada) mounted on the Leica
system. The samples were illuminated using a fiber optic illuminator (Leica KL 1500
LCD, Germany). For measuring the water contact angle, 0.4 µl to 0.75 µl water was
dispensed onto the surface of colloidal slide, using a pipettor positioned orthogonally
and very close to the sample surface. At least 8 or more independent locations were
imaged for each colloidal slide. At each location, three images were captured over a
time interval of 30-45 seconds to account for any changes in water droplet shape.
These images were analyzed using the NIH ImageJ software with Drop Analysis
package (Stalder et al. 2006) and the contact angles were determined at the tri-phase
(glass-water-air) contact point. Two slides with no colloidal deposition were used as
controls.

5.4 Results and Discussion
Hydrophobic interactions are an important constituent of interfacial processes
and are critical for a comprehensive understanding of adhesion and transport
processes. Hydrophobicity of biocolloids, esp. bacteria and pathogens has been
extensively studied for the last few decades and various measurement techniques (e.g.,
MATH (Rosenberg et al. 1980; Rosenberg 1991), HIC (Dillon et al. 1986; Rosenberg
and Doyle 1990) and SAT (Lindahl et al. 1981; Rosenberg 1984)) have been
developed. Laboratory measurement of colloidal hydrophobicity, on the other hand, is
usually limited to contact angle measurements, which are time consuming and produce
different results based on the technique used (Shang et al. 2008). Here we detail a
simple liquid-liquid biphasic partitioning based study for determining the
hydrophobicity of colloids. This method is faster as well as simpler than the methods
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currently in use, most notably the water contact angle measurement (CAM).
Additionally a simple modification was also shown to enhance the hydrophobicity of
colloids, thereby increasing the application range of the MATH test. The
hydrophobicity and water contact angle results for eight different monodisperse
colloidal populations are listed in Table 5.1. Representative water contact angle
images for various colloid sizes and a control slide are presented in Fig. 5.1.
The average water contact angle for two control slides (without any colloids)
was found to be 54.46° (±1.53°) (Fig. 5.1(a)). The colloids exhibited significantly
different contact angles than the controls (except for 35 µm colloids). Silver
nanoparticles and 4.3 µm colloids formed the extremities of contact angle range which
is demonstrated in Fig. 5.1. As reported in Table 5.1, the silver nanoparticles and 0.2
µm carboxyl colloids exhibited the lowest hydrophobicity values, as measured by the
MATH test. The order of increasing colloidal hydrophobicity for various sizes tested
here, as determined by the MATH test and water contact angle measurements, is
summarized below:
MATH: 0.2* < 0.024 < 35 < 11 < 1 < 2* < 4.3 < 2
Contact angle: 0.024 < 35 < 2 < 11 < 1 < 0.2* < 2* < 4.3
where * represents the colloids with carboxyl groups on their surfaces.

Table 5.1. MATH and SA-MATH hydrophobicity and water contact angles for
colloids used in the current study. The reported values of hydrophobicity and contact
angle are mean (± standard deviation). * denotes the colloids having carboxyl polymer
groups on the surface.
Size (µm)
0.024
0.2*
1
2*
2
4.3
11
35

MATH (%)
-8.73 (±5.99)
-10.28 (±3.69)
48.89 (±9.44)
80.62 (±6.78)
91.56 (±0.93)
86.81 (±3.14)
38.67 (±0.93)
23.11 (±8.47)

SA-MATH (%)
97.51 (±1.08)
93.65 (±1.37)
86.49 (±0.75)
68.39 (±2.18)
99.07 (±0.18)
92.78 (±1.57)
60.03 (±0.39)
76.45 (±2.35)

Contact Angle (°)
6.08 (±1.47)
89.21 (±4.13)
79.16 (±2.70)
92.54 (±4.11)
75.80 (±9.66)
104.27 (±2.60)
76.81 (±7.02)
51.98 (±2.92)
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The MATH hydrophobicity results and water contact angles follow the same
relative trend for a number of colloidal sizes investigated here, with the only
exceptions being the 0.2 µm (carboxyl) and 2 µm colloids. While the former showed
extremely low affinity for the hydrocarbon phase, the latter partitioned most readily to
the hydrocarbon phase, as compared to the other colloids. The water contact angle
measurements for these two colloidal sizes depicted an opposite trend, with almost
orthogonal tri-phase profile for 0.2 µm particles (Fig. 5.1(c)) and relatively lower
contact angle for 2 µm colloids (Fig. 5.1(f)). Previous studies have reported some
discrepancies between bacterial hydrophobicity measurements by these two
techniques. And this has also been hypothesized to be in part due to the actual
properties that these techniques measure (van der Mei et al. 1991; Rosenberg 2006).
While the MATH test is assumed to determine surface hydrophobicity (and sometimes
suspected to be influenced by presence of hydrophobic groups or structures on
surface), the water contact angle measurement assesses the surface free energies or
macroscopic surface hydrophobicity (Rosenberg and Doyle 1990; van der Mei et al.
1991). Despite these differences, these two remain among the most commonly used
hydrophobicity measurement techniques for bio-colloids (Rosenberg 2006).
A limited number of studies have used the MATH test in context of colloidal
hydrophobicity and the aim was to determine the changes in colloidal hydrophobicity
as a result of surface coating of latex or silica particles (Parent and Velegol 2004;
Salerno et al. 2005). For bare latex colloids with an average size of 1.0-1.5 µm, the
MATH hydrophobicity was reported to be 10% (which increased to 54% when protein
A was attached to them) (Salerno et al. 2005). Similarly, humic acid coating of silica
particles was found to result in a hydrophobicity decrease from 72° to 27°, as
measured by the MATH assay (Parent and Velegol 2004). In another study,
dichloromethane-based MATH assay was used to determine the hydrophobicity of
goethite particles (Klitzke and Lang 2007). However, these results were not compared
with any other hydrophobicity measures (like contact angles). Our study addressed
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this issue and validated the MATH test against water contact angles for colloidal
hydrophobicity determination.

Figure 5.1. Representative water contact angle images of different colloids and a
sample control slide. (a) Control, (b) 24 nm silica nanoparticles, (c) 0.2 µm carboxyl,
(d) 1 µm, (e) 2 µm carboxyl, (f) 2 µm, (g) 4.3 µm, (h) 11 µm, and (i) 35 µm.
Previous studies on the MATH test reported an inability to measure the
hydrophobicity of weakly hydrophobic microbes and the addition of high
concentration of ammonium sulfate was suggested as a possible solution (Rosenberg
1984; 2006). Ammonium sulfate has also been used in other hydrophobicity
measurement assays, namely salt aggregation test (SAT) and the hydrophobic
interaction chromatography (HIC). In the former technique, the amount of ammonium
sulfate that lead to visible aggregates is the desired parameter (Lindahl et al. 1981). In
case of HIC, a high concentration of ammonium sulfate is added to the solvent phase
that facilitates the attachment of particles to the stationary solid substrate and the
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relative hydrophobicity of the particles (or bacteria) is measured by the time of elution
(Lam and Mutaria 1994; Boschetti and Jungbauer 2000).
We observed interesting results for addition of a high concentration (2 M) of
ammonium sulfate to the colloidal suspension prior to the MATH test. This
modification leads to increases in the hydrophobicity of all the colloids, except for 2
µm carboxyl latex colloids (Table 5.1). The biggest increase was observed for the least
hydrophobic colloids, i.e. 24 nm silver nanoparticles and 0.2 µ m carboxyl colloids.
Ammonium sulfate belongs to a class of chemicals, termed lyotrope or chaotrope and
is hypothesized to compete with other constituents of the aqueous phase for water
molecules. At high concentrations, the sulfate ions outcompete other species and thus
force them into the hydrophobic phase (Boschetti and Jungbauer 2000), which is the
hydrocarbon in our case. This effectively leads to an increase in hydrophobic
interaction affinity of the other constituents, as shown by colloids in the present study.
This modification has been suggested for the MATH assay by Rosenberg et al. (1984)
for bacteria (Rosenberg 1984). Our recent study with a number of representative grampositive and gram-negative bacteria has confirmed the efficacy of this modification
and has also shown that aggregation of bacteria is not the primary mechanism of
hydrophobicity enhancement (unpublished results). Although we did not measure the
changes in colloidal size (auto-aggregation) due to increased ionic strength of the
suspension medium, such an effect cannot be ruled out. Figure 5.2 illustrated the effect
of this modification to the standard MATH assay, termed as salt assisted MATH test
(abv. SA-MATH) on colloidal hydrophobicity. It is evident that more colloids
partitioned over to the hydrocarbon phase as compared to the controls with no
hydrocarbon, which lead to significantly lower turbidity of the aqueous phase in the
case of SA-MATH samples.
Hydrophobicity has been reported to be an integral determinant of colloid
stability, colloid mobility through surface and subsurface as well as their sorption
capacity for organic compounds. Breiner et al. (2006) hypothesized decreased
colloidal mobility with an increase in hydrophobicity. Salerno et al. (2005)
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demonstrated an increase in adhesion coefficient (by an order of magnitude), at high
ionic strength, of latex microspheres hydrophobicized by attachment of protein A or
poly-D-lysine. An increase in hydrophobicity has also been shown to enhance the
sorption capacity of colloids for hydrophobic organic contaminants (Liu and Lee
2006). We observed an increase in colloidal hydrophobicity on salt addition and
enhanced partitioning of colloids to hydrocarbon phase. These results potentially
translate to higher sorption capacity and lower colloidal mobility through subsurface
and are analogous to existing literature.

Figure 5.2. Differences in the aqueous phase colloid density for 1 µm colloids
between ammonium sulfate assisted MATH samples (left, 2 samples) and controls
(right, 2 samples).The lower density of the aqueous phase for SA-MATH samples as
compared to the controls visually indicate partitioning of the colloids to the
hydrocarbon phase.
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Some important considerations while using this assay are the effects of
operating parameters on the hydrophobicity results. The stability of hydrocarbonaqueous emulsion is a function of hydrocarbon droplet size, which in turn is affected
by the vortexing period (Lichtenberg et al. 1985; Rosenberg 1991; Hori et al. 2008).
The concentration of particles in suspension medium is a critical factor and could lead
to overloading of the hydrocarbon phase. Some other parameters that could potentially
affect the results of the MATH assay are suspension medium properties (pH, ionic
strength, composition) (Rosenberg 2006), temperature, particle properties (autoaggregation, surface groups, density) (Hori et al. 2008), and assay protocol
(hydrocarbon used, sample tube material) (Rosenberg et al. 1980; Hori et al. 2008).
Thus, a uniform test protocol should be maintained throughout a series of experiments
to obtain consistent results (Salerno et al. 2005).
In summary, a simple liquid-liquid biphasic partitioning based scheme is
presented for measuring the hydrophobicity of colloids. Water contact angles and
MATH hydrophobicity exhibited similar relative hydrophobicity trends for six of the
eight colloid sizes tested here. Ammonium sulfate addition to the standard MATH
assay was shown to enhance the hydrophobicity of most of the colloids (except for 2
µm carboxyl colloids) investigated in the current study. This method enables a simple
and quick assessment of colloidal hydrophobicity and in conjunction with ammonium
sulfate could potentially enhance the hydrophobicity thus leading to an increase in
their sorption capacity of hydrocarbons (or hydrophobic compounds).
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5.7 Supporting Information
Table S 5.1. Material properties and dilutions for MATH and contact angle
measurements for various colloids used in the current study. The stock-MATH and
stock-CAM refer to volume of the colloidal stock used for preparing dilutions for
MATH (and SA-MATH) test and contact angle measurements respectively. The units
are µl, except for 11 µm and 35 µm colloids as these two colloids were available as
stock solids and hence the units are mg. These stocks volumes/weights were diluted to
20 ml for MATH (and SA-MATH) tests and 100 µ l for contact angle measurements.

Size (µm)
0.024
0.2*
1
2*
2
4.3
11
35

Material
Silver
Carboxyl latex
Polystyrene
Carboxyl latex
Copolymer polystyrene
Copolymer polystyrene
Lime silica
Lime silica

Sp. Grav.
10.5
1.05
1.05
1.05
1.05
1.05
2.5
2.5

Stock-MATH
2500
20
100
20
100
20
50
100

Stock-CAM
100
20
50
20
5
20
7.5
5
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6. SUMMARY

Wide-spread applications, adverse effects and omnipresence of bacterial
adhesion have lead to numerous investigations in the past. Surface hydrophobicity is a
crucial component and (sometimes) precursor to permanent adhesion, and has often
been the subject of both experimental and theoretical studies. Still there are gaps in the
existing literature, some of which the current research aims to fill.
A widely-used bacterial hydrophobicity assessment assay, the MATH test, was
investigated in-depth and the effects of variations in operating parameters were
studied. Vortex duration, hydrocarbon selection, hydrocarbon-aqueous phase volume
ratio, absorbance wavelength and hydrocarbon-saturation of aqueous phase were
determined to affect the results significantly. This clearly demonstrates the need for
careful selection of assay parameters as well as serves as a stepping stone towards the
development of a standard assay protocol.
A high concentration of ammonium sulfate was used to increase the MATH
hydrophobicity of a number of representative bacteria. This modification not only
enhanced the range of this assay and quantified otherwise weakly hydrophobic
bacteria, but also differentiated between bacterial strains having similar MATH
hydrophobicity. Our observations ruled out cell aggregation as the predominant
mechanism of hydrophobicity increase.
Bacteria are exposed to a number of divergent conditions in different
environmental settings. Of these, nutrient availability is the most frequently
encountered variable. We observed a decrease in bacterial hydrophobicity from the
log-growth to stationary growth phases, but (relatively) insignificant changes in
biomass, hydrophobicity and cell sizes, after reaching the stationary growth phase.
Starved cultures, on the other hand, exhibited mixed hydrophobicity trends for
different bacteria. While, S. oneidensis MR-1 cells had lower hydrophobicity at longer
starvation durations, E. coli strains JM109 and D21 were more hydrophobic for
extended starvation periods. We observed significant variations in adhesion properties
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for the first seven to ten days of starvation. Starved bacteria were also highly
susceptible to salt and hydrocarbon exposure, and depicted considerable variations in
cell sizes under the presence of these stimuli.
This assay was also extended to colloids and the hydrophobicity results were
compared against water contact angle measurements for a number of colloids. Similar
relative hydrophobicity trends were observed for both the techniques, thus verifying
the effectiveness of the MATH test for colloidal hydrophobicity measurement.
Additionally, ammonium sulfate addition to the MATH assay led to increased
colloidal hydrophobicity which has bearings for colloid stability, mobility and colloidassisted contaminant transport.

Further investigations should attempt to answer questions pertaining to a
fundamental understanding of bacterial hydrophobicity: What physical parameter or
cell structures cause hydrophobicity? What changes accompany hydrophobicity
variations under different environmental settings? What do different hydrophobicity
measurement assays actually measure? Some other areas of future research include
development of a standard protocol of the MATH test and engineering the bacterial
hydrophobicity for beneficial applications, especially in the context of medicinal
science and biofouling control.
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Development and verification of an Interfacial interaction model to investigate
the role of LPS heterogeneity in bacterial adhesion

Gaurav Saini and Brian D. Wood

A1. Abstract
AFM-based studies have revealed the importance of bacterial membrane
biopolymers in mediating adhesion to surfaces. However, the reason for observed
hysteresis between the approach and retraction regions of the force-distance curves is
not known. We hypothesize that heterogeneity in the length and spatial distribution of
the lipopolysaccharide (LPS) macromolecules is the inherent cause of this hysteresis
for Gram-Negative cells. To verify our hypothesis, we extracted LPS from four
representative gram-negative bacteria, including three closely related mutant strains of
E. coli K12-having progressively truncated LPS chain. We used LPS monolayers,
deposited on hydrophobisized glass discs using Langmuir-Blodgettry, as idealized cell
outer membranes for our study. Liquid AFM was attempted to generate both single
molecular as well as area-averaged force-distance profiles using standard sharp and
colloidal probes, respectively. We also present basic simulations using various
mathematical models (including Steric, DLVO and chain-models) to describe the
different regions of force-distance curves. Hydrophobic repulsion and/or weak
attachment of LPS molecules caused scratching of the sample surfaces, thereby
interfering with liquid imaging and force analysis. We found that the control surfaces
(hydrophobicized glass) were very uniform and hydrophobic (by water contact angles)
and that LPS molecules were uniformly distributed over the hydrophobic surfaces (by
in-air AFM). This work is a first step towards the development and verification of an
interfacial interaction model to describe the role played by the LPS heterogeneity in
bacterial adhesion.
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A2. Introduction
Bacterial attachment is of significant interest in a wide range of applications,
including (but not limited to) biological water treatment, contaminant bioremediation,
biofouling, bacterial infections, oil recovery, microbial transport, etc. Among a
number of parameters that are suspected to influence bacterial adhesion, surface
biopolymers have received considerable attention.

Of these macromolecules,

lipopolysaccharides (LPS) are of importance because of their ubiquitous nature for
gram-negative bacteria. This class of bacteria comprises the majority of culturable
bacteria in aquatic environments (Fletcher 1996). LPS molecules cover a dominant
fraction of cell surface with significant heterogeneity in coverage density and local
distribution. Escherichia coli JM109 surface is comprised of 75% LPS and rest
proteins (Amro et al. 2000). About 3.5 million LPS molecules cover the surface of a
gram-negative cell (Smit et al. 1975; Nikiado and Vaara 1987; Rietschel et al. 1994).
LPS molecule is composed of three constituents (Fig. 1): a hydrophobic
glycolipid moiety called “Lipid A”, a hydrophilic heteropolysaccharide termed as
“core polysaccharide”, and a relatively long polysaccharide chain known as “Oantigen or O chain” (Mayer et al. 1985; Raetz 1990; Rietschel et al. 1994). Hence, it is
an ampiphilic molecule in nature, with the hydrophobic end embedded in the outer cell
membrane and a hydrophilic chain projected away from the cell surface. An
interesting feature of these macromolecules is the heterogeneity in length and spatial
distribution. The O-antigen is the most heterogeneous constituent of bacterial LPS and
is a polymeric oligosaccharide with repeating units of one to eight glycosyl residues.
The structure of these repeating units is strain dependent and exhibits considerable
heterogeneity in length even for the same culture (Mayer et al. 1985; Rietschel et al.
1994). This heterogeneity can be attributed to the fact that bacteria synthesize various
LPS molecules with different length of O-specific chains (Rietschel et al. 1994). For
E. coli, the number of these repeat units in O-antigen could vary from 0 to 40. E. coli
JM109 has been reported to contain O-antigen molecules with lengths of upto 40 nm
(Kotra et al. 1999). In addition, it was observed that O-antigen repeat units varied from
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1 to 26 for JM 109 and roughly half the LPS had zero to three repeat units, thus giving
a clear indication of heterogeneity in LPS length and distribution for the same strain. It
was also noted that LPS molecules exist as tightly bound groups of 600 to 3500
molecules (Kotra et al. 1999).
Atomic force microscopy (AFM) has been used extensively for bacterial
adhesion studies and has revealed interesting observations. A number of AFM force
interaction studies of bacteria have reported hysteresis between approach and
retraction curves (Camesano and Logan 2000; Dufrene 2001; Lower et al. 2001; AbuLail and Camesano 2002; Camesano and Abu-Lail 2002; Ginn et al. 2002; VadilloRodriguez et al. 2003; McNamee et al. 2006), which is different from the hysteresis
built into the technique itself (Hoh and Engel 1993; Seidle and Butt 1995; Heinz and
Hoh 1999; Lower et al. 2001). Generally, this hysteresis is seen as adhesive event (or
events) in the retraction force profile. Also noteworthy is the occurrence of purely
repulsive forces in approach curves, where there ought to be adhesive events. In some
case, multiple adhesion events in the retraction curve were observed (Dufrene 2001;
Vadillo-Rodriguez et al. 2003) (Fig. A1). The same was reported for extracellular
polysaccharides (EPS) extracted from P. atlantica (Frank and Belfort 1997). Similar
hysteresis was also observed for a force interaction study between a polystyrene
particle and hydrophobic and hydrophilic surfaces (Thormann et al. 2008).
AFM force curve are generally simulated by employing different models.
Some of the more commonly used models include, DLVO theory (and its various
modifications) (Israelachvili and McGuiggan 1988; Jucker et al. 1998; Camesano and
Logan 2000; Abu-Lail and Camesano 2003; Walker et al. 2004; Abu-Lail and
Camesano 2006; Dorobantu et al. 2009; Chandraprabha et al. 2010), steric model for
approach (Israelachvili and McGuiggan 1988; Butt et al. 1999; Camesano and Logan
2000; Abu-Lail and Camesano 2003; Chandraprabha et al. 2010) and chain models for
polymer extension region of the retraction force curves (Butt et al. 1999; Ortiz and
Hadziioannou 1999; van der Aa et al. 2001; Abu-Lail and Camesano 2002; Camesano
and Abu-Lail 2002; Touhami et al. 2006). These models have reported mixed success
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in simulating the observed force-interaction profiles. Some other analyses include
fitting the force curves with Poisson distribution (Abu-Lail and Camesano 2006) and
gradient force analysis (Salerno et al. 2007). A detailed description of initial polymer
attachment and decompression (during probe retraction) is still missing from the
literature.
The present study details an interfacial-scale analysis of the effect of spatial
and length heterogeneity of LPS macromolecules on bacterial adhesion. To
accomplish this goal, monolayers of LPS molecules extracted from four representative
gram-negative bacteria, including three mutant strains of E. coli K12 having different
LPS lengths, were deposited by Langmuir-Blodgettry. AFM analysis was carried out
to obtain high-resolution surface-area profiles and interaction force curves. Both
single-molecule as well as area-averaged force profiles were collected using standard
sharp probes as well as modified colloidal probes. An interfacial scale model is also
presented to simulate the observed force profiles and explain the hysteresis commonly
observed in AFM studies of bacteria.

A3. Experimental Section
A3.1. Bacterial cultivation and LPS extraction
Three mutant strains of Escherichia coli K-12 namely, JM109, D21 and
D21f2, having progressively truncated LPS lengths and a model dissimilatory metal
reducing bacteria (DMRB), Shewanella oneidensis MR-1 were used in this study. The
stock cultures of E. coli strains D21 (CGSC 5158) and D21f2 (CGSC 5162) were
obtained from the Coli genetic stock center (CGSC, New Haven, CT), strain JM109
(ATTC 53323) was purchased from the New England Biolabs and S. oneidensis MR-1
(ATCC 53323) was provided by the Pacific Northwest National Laboratory (PNL,
Richland, WA). All the cultures were grown for 22 hours to stationary growth phase,
at 30 °C with constant shaking in a Barnstead incubator.
LPS was extracted from the test strains using a proprietary LPS extraction kit
(Intron Biotechnology, catalog # 17141) (Rangarajan et al. 2008). The often used LPS
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extraction methods developed by Darveau-Hancock (Darveau and Hancock 1983), or
Westphall (Sprott et al. 1994) extraction technique requires larger sample volumes and
longer duration (three days for former technique) (Darveau and Hancock 1983). The
propriety kit works with a much smaller sample volume and is very quick (about one
hour extraction time). Extracted LPS was stored at 4 °C and was dissolved (just prior
to monolayer deposition) in solution containing chloroform, methanol and DI water in
17:7:1 volume ratio, using sonication, boiling and vortexing. We attempted to measure
the molecular weight of extracted LPS by Mass Spectroscopy.

A3.2. Hydrophobic substrate preparation
The substrates (15 mm glass discs) were cleaned for 1 hour in boiling Piranha
solution (7:3 ratio of sulfuric acid and hydrogen peroxide), followed by ample DI
rinse, and oven drying for 15 min at 110 °C. The cleaned substrates were then
immersed in 0.2% (v/v) OTS solution in toluene for 10-15 minutes, followed by
cleaning in toluene and surface drying with nitrogen gas. The OTS coating was finally
annealed by oven drying at 110 °C for 30 minutes and the prepared substrates were
stored at room temperature (Garcia-Parajo et al. 1997; Atoyan 2007; Cai et al. 2007).
The water contact angle of these surfaces was in the range of 103°-105°, as measured
by an FTA 135 instrument with Drop Shape Analysis software.

A3.3. LPS Monolayer deposition
A Langmuir Blodgett trough (Joyce-Loebl) was set up in cleanroom conditions
to minimize the contamination. Ultra-pure water (resistivity~18.2 MΩ-cm) served as
subphase and octadecyltrichlorosilane (OTS)-coated glass discs (15 mm diameter)
were used as the hydrophobicized substrates.
Monolayer deposition was conducted at a pressure of 23-25 dyne/cm, which is
roughly the pressure at which these molecules are attached to the cell surface
(Gutsmann et al. 2000). For a single monolayer deposition, the OTS-coated
hydrophobic substrate was dipped in the LB trough just once in the downward stroke
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at a rate of 1.5 cm/min and then the trough was opened to disperse the LPS molecules
before pulling the substrate out of the subphase. The LPS transfer-ratio was calculated
by deposition on OTS-coated standard glass slides (25 mm x 75 mm x 1 mm). The
transfer ratios were calculated as the ratio of change in trough area to substrate surface
area coated (Tanami et al. 2009). These ratios were found to be 0.9 for all the E. coli
strains and 0.86 for S. oneidensis MR-1 cells. The pressure-area isotherms for the LPS
used in the current study are presented in figure A3. Using the molecular weight of the
extracted LPS and the concentration of LPS solution (used for monolayer deposition),
we planned to determine the molecular area of LPS molecules and to get a better
quantification of LPS molecules that actually interact with the AFM probes.

A3.4. AFM Analysis
The LPS coated slides were analyzed by both standard sharp probes and
colloidal probes to obtain single-molecular and area-averaged force interaction
profiles. The standard sharp probes also yielded high-resolution surface maps of small
areas (500 nm x 500 nm). Triangular silicon probes (Veeco) with force constants in
the range 0.2-0.3 N/m, as determined by thermal tuning method, were used. We used
Veeco Dimension Icon AFM system with Nanoscope (version 8) software package.
The colloidal probes (force constant ~ 0.13-0.15 N/m) were purchased from
NanoandMore Inc. and had glass sphere (radius 6.63 µm) attached to the probe-end.
High-resolution surface maps were generated using in-air Tapping mode imaging,
liquid imaging was attempted in water and butanol using both the standard sharp
probes and colloidal probes. Force volume curves were also generated and yielded a
large number of force curves within a given area of known surface profile.

A4. Modeling Approach
Ginn et al. (2002) presented a hypothesis for explaining the observed hysteretic
force profiles as a consequence of multiple attachment/detachment events of surface
macromolecules that are heterogeneous in length. A schematic of this hypothesis is
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depicted in figure A4 with a conceptual model of approach and retraction of AFM tip
along with a hysteretic force-profile. When the tip approaches the sample surface, the
longest macromolecules will attach first and the resulting rearrangement
(compression) of macromolecules will result in net repulsive force that will mask the
additional attractive events due to attachment of smaller macromolecules with
decreasing probe-sample distances (Region A). As the tip is retracted (region B), the
repulsive forces start decreasing and transitions through zero net force to adhesive
region (region C) due to the attachment of longest macromolecules (Ginn et al. 2002).
McNamee et al. (2008) have reported similar hysteretic force profiles and implicated
the binding events between cell and probe for the observed hysteresis in retraction
regime (McNamee et al. 2006).

A4.1. Initial Attachment (DLVO based approach)
The conventional DLVO theory consists of electrostatic and van der Walls
forces. These two interactions are given by the following equations (Camesano and
Abu-Lail 2002; Chandraprabha et al. 2010):

And,

Where, ε0 is the permittivity of vacuum, ε is the relative dielectric permittivity of
water (or butanol), a is the radius of the sphere (either the probe tip or polymer tip,
depending on the system), ψ1 is the surface potential of the sphere, ψ2 is the surface
potential of the flat plate, κ is the inverse Debye screening length, h is the separation
distance between the sphere and the plane, A is the Hamaker constant for interacting
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media and λc is the “characteristic wavelength” of interaction often assumed to be 100
nm (Camesano and Abu-Lail 2002; Chandraprabha et al. 2010).
We propose that the initial “jump-in contact” of the AFM probe with the
polymers is mediated by the DLVO type interactions. We believe that the
conventional DLVO theory is an excellent starting point for explaining the “jump-in”
region of AFM approach curve, especially in the absence of any other model (to the
best of the authors’ knowledge).

A4.2. Steric model (polymer compression/decompression)
de Gennes presented a model, based on the work of Alexander, for interaction
between two surfaces having a high coverage density of polymers (polymer brush
layers) and it was later modified by Butt et al. for interaction between a polymercovered and a bare AFM probe (Butt et al. 1999; Chandraprabha et al. 2010). This
model describes the polymer compression by steric forces, during the approach regime
of an AFM probe, as

F  50kBTaL03 2e2 h Lo
Where, kB is the Boltzmann’s constant, T is the absolute temperature, a is the tip
radius, L0 is equilibrium thickness of polymer brush, Γ is the polymer density and h is
the surface-tip separation distance. Although the actual AFM tip radius is quite small
(5-20 nm or less), these have been demonstrated to interact as spheres with nominal
radii between 100 to 400 nm (Drummond and Senden 1994; Senden and Drummond
1995) and a value of 250 nm has been used in previous studies (Abu-Lail and
Camesano 2003; Chandraprabha et al. 2010).
We propose employing the steric models for regions A and B of the conceptual
model (fig. A4)(Ginn et al. 2002). Under ideal conditions, the regions A and B should
be exactly the same and this has been observed for some cases (Ortiz and
Hadziioannou 1999). However, the differences between the polymer compression
(Region A) and polymer decompression to equilibrium length (Region B) has been
hypothesized to be due to large, non-equilibrium relaxation effects of polymers,
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possibly due to additional monomers adsorbed onto surface under compression and
non-uniform extension of the chain (Ortiz and Hadziioannou 1999).

A4.3. Chain Models (Polymer stretching)
Polymer stretching is usually modeled by chain models (or random walk
models), like Freely-jointed chain (FJC), Worm-like chain (WLC) and their variations
(including extensible components or springs) (Butt et al. 1999; Ortiz and
Hadziioannou 1999; van der Aa et al. 2001; Abu-Lail and Camesano 2002; Camesano
and Abu-Lail 2002; Touhami et al. 2006). WLC has been shown to be better suited for
modeling stretching of bacterial biopolymers (Butt et al. 1999; Abu-Lail and
Camesano 2002). This model considers the polymer as a continuously flexible chain
with random direction of curvature at any point. These chains are characterized by two
parameters, namely, the persistence length (lp) and the contour length (Lc). The former
represents the local stiffness of the polymer and is the distance over which the
polymer exhibits significant bending under thermal fluctuations. The contour length is
the length of the fully extended polymer with no stretching of any individual segment
(having a length equal to lp). The model defines the force (F) required to stretch a
polymer over a distance (z) as
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Where, kB is the Boltzmann’s constant (1.38106 x 10-23 J/K) and T is the absolute
temperature (273 K).

A5. Results and Discussion
AFM studies have yielded new insights in surface-bacteria interactions and
have been employed in studying how surface biopolymers affect these interactions.
However, there is no general consensus on the role of LPS, the most dominant surface
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polymers for gram-negative bacteria, in bacterial adhesion. AFM investigations have
reported hysteretic force-distance profiles for both whole-cells as well as biopolymers,
although

these

observations

are

not

completely

understood.

Furthermore,

comprehensive models for simulating these force-profiles are missing from the
literature. The current study was aimed at enhancing our understanding of some of
these issues. We conducted AFM analysis of LB monolayers of LPS extracted from
representative gram-negative bacteria to generate high-resolution surface profiles and
force-distance curves. A conceptual model is presented to explain the often-observed
hysteresis in force-distance curves.
The AFM analysis of LPS covered OTS-coated glass discs yielded interesting
results. Initial attempts at liquid AFM with butanol failed as butanol dissolved all the
glues (superglue, epoxy, sticky tab and crystal bond) we used to attach the sample
slide to the steel puck in the AFM liquid cell. The original idea of using butanol as the
preferred liquid was to enable a comparison between our results, especially the surface
profiles of JM109 LPS, and those obtained by Amro et al. (Amro et al. 2000).
We used DI water as the alternate fluid for liquid AFM. OTS-coated glass
discs were imaged as control and were found to be very smooth, with average surface
roughness of about 0.2-0.3 nm (Fig. A5). Additionally, the OTS-coating was found to
be very uniform as multiple spots on the same disc yielded similar surface roughness
profiles. Figure A5 shows a 2-D and a 3-D profile of a 500 nm x 500 nm area imaged,
under water, by contact mode AFM imaging.
Liquid AFM imaging with samples submerged under water was very difficult.
We progressively imaged smaller areas, starting with a 40 µm x 40 µm area and
proceeding to smaller areas like 10 µm x 10 µm and then 1 µm x 1 µm and finally,
500 nm x 500 nm. However, it was very difficult to find significant surface features.
Additionally, the AFM probing had to be conducted with a high force to maintain the
probe-sample contact, especially for larger scan areas. A possible reason for this is the
high hydrophobicity of the OTS-coated substrates, which exerted high repulsive forces
as well as made it difficult for surface to stay water-merged.
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To make sure that there are enough surface features on sample discs, we
conducted tapping mode imaging in air. Surprisingly, all the samples were covered
with LPS molecules. Figures A6 (a) and (b) demonstrate tapping mode profiles of JM
109 and MR-1 LPS slides. These figures demonstrate the distribution of LPS
molecules, most of which are clustered in small groups. Additionally, the maximum
heights were in the range of 30-50 nm, which is similar to LPS length observations in
previous studies (Amro et al. 2000).
Since, it was extremely difficult to find significant surface feature with liquid
imaging, we conducted force-mapping in air. To reduce the force exerted on samples,
we used tapping mode probes for generating force-volume profiles. As already
mention, the strategy was to image progressively smaller areas and then to image the
area before generating a force-volume curve. In general, we obtained 256 curves for
each imaging area of 500 nm x 500 nm. Figure A7 depict example 2-D and 3-D
profiles for MR-1 LPS deposited on an OTS-coated glass disc and figure A7 (c) is the
corresponding force-volume diagram. It can be seen from figures A7 (c) and (d) that
the force-volume diagram shows significantly different profiles (shown by different
colors) for the regions with LPS concentrations as compared to relatively empty
regions. Another interesting feature to be noted from these images is the slight
displacement between surface features and corresponding force profiles. This is due to
the possible removal of LPS clusters by the probe during imaging.
We also attempted force imaging with colloidal probes and MR-1 LPS
samples. However, we could not see any see-saw pattern in the retraction region.
Figure A8 depicts the AFM force-volume diagram for colloidal probe contact mode
imaging (in air) and some selected force-interaction profiles. In general, the colloidal
probe imaging did not meet the expectations. It could be due to multiple reasons.
Either the probing removed the LPS molecules from the surface or the spot selected
for scanning was devoid of significant polymers.
We also did some basic simulations of polymer compression/decompression
and extension by using the steric and WLC models, respectively. For each of these
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simulations, we used the parameter values employed in previous studies. Models were
run for individual polymers having different lengths in the range of 1-40 nm, to
simulate force-distance profiles of single molecular interactions. These numbers were
also added together to simulate the force-distance profile of a cluster of polymers
having these different length and is analogous to the interaction of these polymers with
a colloidal probe. Figures A9 and A10 present the steric model and WLC simulations
for various cases discussed above, respectively. As can be seen from Steric model
simulations (Fig. A9), the compression of different polymers is additive and leads to a
single compression curve. WLC simulations, on the other hand, are not additive and
individual polymer extension can be identified by the exponential increase in the force
at a given separation distance (Fig. A10). Thus the saw-tooth pattern, usually seen in
bacterial AFM studies, can be predicted by a chain-model with the assumption that
each one of those saw-tooth features corresponds to a polymer (or a small cluster
thereof) breaking away from the probe.
Our simulations predicted very high compressive force, due to high value of
surface coverage density. We used a value of 4.65 x 1017 molecules/m2 based on the
work of Nikiado (which predicted cell surface area of 6.79 µm2 and total LPS
molecules per E. coli cell as 3.46 million) and a transfer ratio of 0.9. Other studies
have predicted surface coverage densities in the range of 1015-1016 molecules/m2 by
fitting the observed repulsive forces to the Steric model (Chandraprabha et al. 2010).
Some idealizing assumptions were made in this study to simplify the analysis.
We assumed that polymer-probe attachment takes place at the polymer end and not
along the length or at one point only. Additionally, polymers compressiondecompression was treated as free of body-effects, i.e. polymer chains do not exhibit
any entanglement. Polymers were also assumed to act independent of each other and
were not affected by attachment or detachment of adjoining polymers.
Some of the important considerations, while comparing the results of current
study against the whole-cell AFM studies available in literature, relate to some of the
inherent characteristics of LPS molecules themselves. These molecules are usually
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clustered together in small groups and may be absent from part of the cell outer
membrane. Additionally, under aqueous conditions, these macromolecules are
constantly in motion and rotate about their long axis as well as move laterally along
cell surface at high speeds. O-antigen chains also flex back and forth constantly and
are also known to bend over the cell surface thus shielding the cells from external
charges and chemical groups. Many of these characteristics are lost when LPS is
extracted and deposited as monolayers on substrates.

A6. Notable findings
1. The OTS-coating yielded highly hydrophobic substrates, with water contact
angles in the range of 101°-103°. Additionally, the coating was fairly uniform
over the substrate.
2. The hydrophobisized substrates had very smooth surfaces, with average
surface roughness of about 0.3 nm and maximum z-range of ~ 3 nm. This
validates the efficacy of the coating protocol.
3. Langmuir-Blodgettry successfully deposited monolayer of bacterial LPS, as
demonstrated by non-contact mode AFM imaging of JM 109 LPS coated
substrates. The maximum roughness features were in the same range as
observed in previous studies.
4. The LPS was weakly attached to the substrates and was removed during liquid
AFM contact mode imaging. However, the adhesion was strong enough to
withstand in-air AFM non-contact mode imaging.
5. Some LPS aggregates were observed on the substrate surface and were
strongly attached to the substrates. Force-volume AFM imaging (in-water)
revealed interesting force trends.
6. The AFM probes were not contaminated with LPS molecules even after hours
of imaging as demonstrated by sharp images.
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A7. Experimental Issues
1. Relatively weak attachment of the LPS molecules coupled with high
hydrophobicity of substrates resulted in failure of in-liquid AFM imaging.
Potential alternative experimental strategies could involve:
a. Using a lower concentration of OTS for substrate preparation. For the
current experiments, an OTS concentration of 0.2 % v/v (0.2 ml OTS in
100 ml Toluene) was employed. A lower concentration of probably
0.02% could be tried. It is recommended that the new substrates be
tested for hydrophobicity by water contact angle measurements (for
reference, a value of 65° or higher indicates a hydrophobic surface) and
the effectiveness of LPS deposition be verified by non-contact mode
AFM imaging in-air.
b. LPS molecules were dissolved in 17:7:1 chloroform: methanol: DI
solution by vortexing, boiling and sonication. Usually the process took
6-12 hours of repeated vortexing, boiling and sonication. Some
alternate strategies could include lyophilizing the LPS molecules
immediately after extraction and/or preparing a solution with lower
LPS concentration to prevent possible self-aggregation. However, using
a low LPS concentration solution will require more solution volume for
Langmuir-Blodgettry and hence greater user exposure to Chloroform
(the LB deposition is done drop by drop and even a 0.5 ml volume
leads to about 5-7 minutes of chloroform exposure).
2. We attempted MALDI-MS technique for measuring the molecular weight of
LPS of E. coli J5 (Sigma-Aldrich) using THB, THAP and HCCA as matrices.
However, none of the matrices yielded any large peaks. The manufacturers
(Sigma-Aldrich and EMD Biochemicals) were unable to provide any
information on LPS molecular weight. Some researchers (personal
communications) quoted numbers like, 2500 g/mole for RE-LPS from
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Salmonella minnesota (Olga Canadas, Complutense University of Madrid),
2238 Da for LPS WBB01 and 2369 Da for LPS R45 (Thomas Gutsmann).
Hence we are unable to get an exact estimate of how many molecules were
deposited on the OTS-coated substrate.

In summary, we presented an experimental and modeling scheme to investigate the
effect of heterogeneity in length and spatial distribution of LPS molecules on GramNegative bacteria. Preliminary experimental data along with the “interfacial adhesion”
model show promise for enhancing our understanding of bacterial adhesion at
interfacial scale. Although we could not finish the study, due to above-mentioned
experimental difficulties, enough data is presented for subsequent research into this
interesting topic.

Nomenclature
kB
T
a
L0
Γ
h
lp
Lc

Boltzmann’s constant (1.38e-23 J/K)
Aabsolute temperature (273 K)
Tip radius (250 nm)
Equilibrium thickness of polymer brush
Polymer density (4.65e17 molecules/m2)
Surface-tip separation distance
Persistence length (80 nm)
Contour length
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(a)

(b)

Fig. A1. Example hysteretic AFM force-interaction profiles obtained in previous
bacterial adhesion studies. Reproduced from (a) (Dufrene 2001) and (b) (VadilloRodriguez et al. 2003).

Fig. A2. Schematic of LPS molecules for E. coli strains (a) D21f2, (b) D21, (c)
JM109, and (d) S. oneidensis MR-1.
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Fig. A3. Pressure-area isotherms for LPS extracted from the four representative gramnegative bacteria

Fig. A4. Conceptual model of interaction between LPS molecules and AFM probe tip,
and associated force-distance curve (Ginn et al. 2002).

142

Fig. A5. (a) 2-D, and (b) 3-D surface profiles of an OTS-coated glass disc (control
sample) generated by liquid AFM (in water) in contact mode. The average zroughness is 0.194 nm and the tallest surface feature was about 733 pm high.
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(a)

(b)

Fig. A6. 3-D surface profiles of LPS extracted from (a) JM 109, and (b) MR-1. The
profiles were generated by Tapping mode (in-air) AFM imaging.
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(a)

(b)

(c)

(d)

Fig. A7. (a) 2-D surface profile, (b) 3-D surface profile, (c) Force-volume diagram,
and (d) representative force-distance curves (corresponding to the “+” signs in the
force-volume diagram) for MR-1 LPS obtained by tapping mode (in air) AFM. The
longer curves (higher force) are for regions with no LPS.

145

(a)

(b)

Fig. A8. (a) Force-volume diagram, and (b) force-distance curves corresponding to
the “+” signs in the force-volume diagram. The longer curves (higher force) are for
regions with no LPS.
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Fig. A9. Example simulation of approach curve by Steric model. The figure shows
individual approach forces for polymers with length 1 nm, 5 nm, 10 nm, 20 nm and 40
nm, as well as a combined force curve that includes the combined steric effect of all
these polymers.
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nm and the combined effect of extension of all the polymers.

