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ABSTRACT

The morphology and physicochemical properties of bacterial cells at the
molecular level influence their adhesion to surfaces and interfaces. In this study,
atomic force microscopy (AFM) was used to explore the morphology of soft, living
cells in aqueous buffer, to map bacterial surface heterogeneities, to directly
correlate the results in the AFM force distance curves to the macroscopic
properties of the microbial surfaces, and to model the experimental AFM force
curves using classical Derjaguin-Landau-Verweij-Overbeek (DLVO) theory of
colloidal stability. The surfaces of two bacterial species exhibiting different
macroscopic surface hydrophobicity, measured as the oil/water contact angle
(©): Acinetobacter venetianus RAG-1 (© =56.4°) and Rhodococcus erythropolis
20SE1c (6 =152.9°) were probed with chemically functionalized AFM tips,
terminated in hydrophobic and hydrophilic groups. All force measurements were
obtained in contact mode and made on a location of the bacterium selected from
the tapping mode image. AFM imaging revealed morphological details of the
microbial-surface ultrastructures with about 20 nm resolution. The heterogeneity
in surface morphology was directly correlated with differences in adhesion forces
as emphasized by retraction force curves and also with the presence of external
structures, either pili or capsules, as confirmed by transmission electron
microscopy. The AFM retraction force curves for A. venetianus RAG-1 and R.
erythropolis 20S-E1-c showed differences in the interactions of the external
structures with hydrophilic and hydrophobic tips. A. venetianus RAG-1 exhibited
an asymmetrical pattern with multiple adhesion peaks suggesting the existence
of biopolymers with different lengths on its surface. R. erythropolis 20S-E1-c

showed long-range attraction forces accompanied by single rupture events



indicating a more hydrophobic and smoother surface. The magnitude of the
adhesion forces was proportional to the water contact angle on the two bacterial
lawns. The experimental force curves between the two microbial cells and
functionalized AFM probes presented discrepancies when compared to the
classical DLVO theory. Therefore, an extended DLVO model incorporating an
acid—base component to account for attractive hydrophobic interactions and
repulsive hydration effects was used to assess the additional interactions.
Extended DLVO predictions agreed well with AFM experimental data for both A.
venetianus RAG-1, whose surface consists of an exopolymeric capsule and pili,
and R. erythropolis 20S-E1-c, whose surface is covered by mycolic acids as well
as an exopolymeric capsule. The extended model for the bacteria-AFM tip
interactions was consistent with the effects of acid base and steric forces, in

addition to classical DLVO theory.
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1. INTRODUCTION

1.1 Background

The use of microorganisms in remediation of oil spills is an important in
situ technology considered to be the most environmentally sound, least intrusive
and cheapest of the new technologies in this field.[1] However, the very low water
solubility of crude oil present challenges to bacteria using petroleum as a growth
substrate.[3] A common adaptation for overcoming the poor aqueous solubility of
the hydrocarbons and an important step for successful bioprocesses represents
the attachment of bacteria to the oil/water interface, at the surface of oil droplets
suspended in water.[4] Even though extensive research has been done on
bacterial adhesion in the last decade,[5] the fundamental mechanism governing
this process is not well understood and clearly defined.[6] An accurate
quantification of the physico-chemical properties of microbial surfaces is
fundamental to reach a better understanding of bacterial adhesion to a surface or
interface.[7]

The focus of this thesis is on the nanoscale investigation of microbial
adhesion towards hydrophobic and hydrophilic surfaces. The surface behavior of
microbial cells has historically been described in terms of macroscopic surface
properties starting with the pioneering observations by Mudd and Mudd [8, 9] of
bacterial partitioning at oil/lwater interfaces. These studies suggest that
microorganisms possessing different degree of surface hydrophobicity can
position on one side or the other of the oil/water interface.

Macroscopic cell-surface properties have been commonly inferred from
water contact angle measurements on bacterial lawns deposited on membrane

filters [10, 11], from bacterial adhesion to hydrocarbons [12] or from zeta potential
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measurements.[13] These measurements result in average cell surface
properties and do not provide information about the forces governing the
adhesion process at the molecular scale.[7, 14]

The electron microscopy techniques such as transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) have been used
traditionally to observe the morphology of bacterial cells. While these approaches
can provide high resolution images, the extensive sample preparation, which
consists of treatments with heavy metals to enhance contrast and make
structures visible and the requirement for the sample to be under vacuum, limits
its application in visualization under physiological conditions.[4]

Atomic force microscopy (AFM) offers new perspectives for obtaining the
morphology of biological surfaces and localized physicochemical properties by
means of imaging and force-distance curves.[15, 16] For example, AFM allows
probing of surface charge, hydrophobicity, and mechanical properties of living
microorganisms in their physiological environments, without chemical preparation
and with nanometer resolution, providing information that is complementary to
that obtained using macroscopic techniques.[15, 17]

AFM also permits quantitative determination of the nanoscale interaction
forces between the probe tip and a cell by means of force-distance curves.[18] In
particular, force-distance curves, which record the variation of interaction forces
as the AFM tip approaches the cell surface, makes contact and then retrieves
from it, allow the direct measurement of surface forces in aqueous environments
and determine whether classical DLVO theory of colloidal stability, or other kinds
of interactions dominate force measurements.[7]

Application of the DLVO theory to microbial cells usually involves the

assumption that they are inert, perfectly smooth, with no asperities or surface
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structures.[19] Living organisms such as bacterial cells are capable of producing
extracellular specific structures such as capsules or slime layers of
polysaccharides [20] and protein-based appendages, namely pili, [21] whose
structure and chemistry facilitate microorganism’s adhesion to different types of
surfaces and interfaces.[20]

As a result, the force curves taken on bacterial surfaces are expected to
involve specific biological polymer interactions and raise the discrepancy
between the experimental curves and classical DLVO theory of colloidal
stability.[22]

In an attempt to account for the presence of polymeric structures on
bacterial cell surfaces, polymer interactions have been introduced into the model
in addition to DLVO forces for the interpretation of AFM force measurements.[23]
The polymer force arises from contact between the AFM probe and the
extracellular structures extending from the microorganism surface into solution;
as the AFM tip pushes down on the cell, the polymers rearrange into a more
compact spatial arrangement.[19, 24] These polymer interactions can be
attractive or repulsive. Jucker et al.[25] have proposed that steric repulsion arises
from the higher affinity of the bacterial polymers for the aqueous medium than for
the solid surface (e.g., the AFM probe tip). Polymer attraction or bridging has
been proposed [25] to take place when the microbial surface polymers have a
higher affinity for the solid surface than for the liquid medium and are long
enough to bridge the distance from the bacterial cell to the solid surface.[26]
Bridging is generally observed for solids and microorganisms that are both

hydrophobic.[27]



1.2 Specific research objectives and thesis overview

The overall goal of this project was to study bacteria, characterized by
different degrees of surface hydrophobicity, with respect to their interactions with
hydrophobic and hydrophilic modified surfaces. This work was done in two parts,

with specific objectives stated as follows:

1. The hypothesis underlying the first part of this thesis was that microbial
cells are heterogeneous in terms of hydrophobicity. The following

approach was taken to prove this hypothesis (presented in Chapter 4):

Select microorganisms possessing different degrees of

hydrophobicity

¢ Find the right substrate for bacteria immobilization

o Derivatize AFM tips with thiols terminated in hydrophilic and
hydrophobic groups

o Perform AFM imaging and force measurements at random

locations on the microbial surfaces

2. The goal of the second part of this thesis was to model the AFM approach
curves, recorded with both hydrophilic and hydrophobic modified AFM
tips, such that the type of interactions involved in bacterial adhesion could
be predicted (presented in Chapter 5). The following steps were

undertaken to accomplish the goal of this section:



Model the approach curves using the DLVO theory accounting for
electrostatic and van der Waals interactions

When discrepancy existed between experiment and the DLVO
theory, the XDLVO model accounting for acid-base interactions
was considered including an additional term to the classical DLVO
theory

In the case of microbial cells possessing long extracellular
structures, EDLVO model accounting for steric interaction was
added to the classical DLVO theory and fitted to the approach

force curves



2. LITERATURE REVIEW

21 Role of Microorganisms in Hydrocarbon Degradation

Diverse environmental communities of microorganisms, including many
species of bacteria and fungi, have evolved the ability to degrade hydrocarbons.
Bacteria are the best described hydrocarbon utilizing microorganisms.[28] For
example, Pseudomonas spp.[29], Bacillus spp.[30], Arthrohacter spp.[31],
Mycobacterium spp.[32], Acinetobacter spp.[33], and Rhodococcus spp.[34] have
been reported as hydrocarbon degraders. These microbes are widely distributed
in soil and marine environments following oil spills. In recent years, the focus on
using microorganisms in removal of oil spills and biotransformation of
hydrocarbons into more valuable products has considerably increased.
Bioremediation and bioprocessing are emerging as promising alternatives to
conventional methods for hydrocarbon degradation due to their capabilities of

being safer, less costly and more efficient.[28]

2.1.1 Bioremediation of Petroleum Hydrocarbons

The foundation of bioremediation, which has been studied since the early
1940'’s, has been the observation that over extended periods of time and without
human intervention, nature eliminates both natural and most man-made pollution
through natural processes.[35] The largest, most successful and thoroughly
studied application of bioremediation to date is the cleaning of the Exxon Valdez
spill in Prince William Sound, Alaska, where the spillage of more than 41 million
liters of crude oil contaminated the marine environment and approximately 2,000
km of the shorelines causing severe ecological damage to the surrounding

communities.[36] The initial approach to the cleanup of the oil spills in Prince
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William Sound was physical and it turned out to be expensive and not efficient.
Consequently, bioremediation was considered as an alternative method. The use
of microorganisms as a treatment method for oil pollutant removal restored the
rocks to their original whiteness, which provided a contrast to the black oily
untreated shorelines and gave visual credence to its effectiveness [28, 36].
Microorganisms carry out biodegradation in many different types of
environments; of particular relevance for pollutants or potential pollutants are
soils, groundwater, surface waters, and oceans.[37, 38] Crude oil is recognized
as a major marine pollutant and petroleum products, such as gasoline and diesel,
are the most frequent organic pollutants of soils and ground-waters.[39] It is
estimated that the petroleum hydrocarbons entering the world’s oceans range
from 1.9 to 11.8 million tonnes each year.[40] Petroleum entering an ecosystem
provides an important source of carbon and energy necessary for microbial
growth, being actively transformed into cell biomass and carbon dioxide that can

be readily accommodated in the environment.[41, 42]

2.1.2 Bioprocessing of Petroleum Hydrocarbons

Bioprocesses represent a promising biotechnological tool for the
production of fine chemicals.[43] Environmental bacterial communities possess
oxidative enzymes capable of degrading various types of hydrocarbons for
assuring their carbon and energy requirements and concomitantly transforming
them into valuable products.[35] It is well documented that several strains of
yeast belonging to the genus Candida produce a,w dicarboxylic acids which are
versatile chemical intermediates useful as raw materials for the preparation of
adhesives, fragrances, polyamides, polyesters, and antimicrobials.[44] Even

though non-enzymatic syntheses of such chemicals exist, the process is very
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complicated and results in a mixture of dicarboxylic acids which require extensive
purification steps. [44]

Other chemicals which have been successfully produced by alkane
biodegradation include amino acids, organic acids, carbohydrates, lipids, nucleic
acids, vitamins, enzymes, co-enzymes and antibiotics [45],
polyhydroxyalkanoates [46], and biosurfactants [47, 48].

Whereas some microorganisms degrade alkanes (normal, branched and
cyclic paraffins), or use aromatics, others use both paraffinic and aromatic
hydrocarbons.[28, 49, 50]. The normal alkanes in the range Ciy to Cy are
considered to be the most readily degraded of all hydrocarbons. However, the
low-molecular-weight aromatics, such as benzene, toluene and xylene, which are
among the toxic compounds found in petroleum, are also easily biodegraded by
many microorganisms.[51] More complex structures such as asphaltic fractions
are more resistant to biodegradation and the most persistent in different
ecosystems. Relatively little is known of the metabolism of individual compounds
in this fraction. Gibson [52] has provided brief reviews of the degradation of

individual hydrocarbons in petroleum.

2.1.3 Bioavailability of Hydrophobic Substrates

Petroleum is a naturally occurring, highly complex mixture of organic
compounds containing gaseous, liquid and solid hydrocarbons with varying
degrees of water solubility, chemical structure, volatility, and toxicity.[63] A
majority of these molecules is indeed composed solely of carbon and hydrogen,
but most oils contain a small percentage of organic sulfur, organic nitrogen, and

trace amounts of metallic constituents.[53]



As a major component of petroleum, alkanes have become an important
source of pollution in the environment because of their massive utilization.[54]
Their low solubility in water causes separation in a two-phase system.[55]

Utilization of alkanes by microorganisms poses the problem of contact
between the immiscible substrate and the microbial cell.[56] Therefore, the major
problem to be overcome by microorganisms in hydrocarbon degradation is to

make the hydrophobic carbon source accessible to them.[55, 57]

2.1.4 Mechanisms of Hydrocarbon Transport towards Microbial Cells

In order to find an efficient method of supplying hydrocarbons to microbial
cells, it is important to understand the mechanism of hydrocarbon transport
towards them.[58, 59] Cell-substrate contact is obviously essential for substrate
uptake by microorganisms. As the hydrocarbons have a low solubility in water,
the substrate must be transported through the aqueous phase in such a way to
achieve the cell substrate contact. At least three modes of hydrocarbon transport
towards microbial cells have been emphasized throughout the literature:

e Interaction of cells with hydrocarbon dissolved in the aqueous
phase;

o Contact of cells with pseudosolubilized hydrocarbon droplets
much smaller than the cells;

o Direct contact of the cells with large hydrocarbon droplets;



It is generally accepted that the first mechanism cannot support the
observed rate of growth of microorganisms on long-chain alkanes due to their low
solubility in the aqueous medium.[60] Even though, this mechanism has been
reported as valid for aromatics and gaseous hydrocarbons, whose solubility in
aqueous medium is slightly higher, the microbial growth is restricted in this
case.[61]

The second mechanism relies on microbial production of emulsifiers or
surfactants that increase the concentration of hydrocarbon in the aqueous phase
by producing hydrocarbon micro-droplets which attach to the microorganism’s
surface, facilitating the uptake process. This mechanism has been observed by
various research groups. [62, 63]

Direct contact of cells and oil droplets appears to be the mechanism
through which most hydrocarbon substrates are taken up by the cells.[64]

Microbial cells can use either one or a combination of the above
described mechanisms for the hydrocarbon transport. It was reported that during
the growth of Candida lipolytica on n-hexadecane, both the second and third

mechanisms played important roles in substrate transport.[61, 64]

2.1.5 Advantages of Bioremediation and Bioprocesses

The application of hydrocarbon microbiology to solve pollution problems
in water and soil has an enormous economic and environmental importance
promising an improved substitute for ineffective and costly physicochemical
remediation methods.[65] Contaminated land is costly to clean up using
traditional remediation methods. For example, in the USA, the remediation cost is
expected to exceed US $1 trillion [66] for petroleum polluted sites.[67] The use of

microbial biodegradative abilities in restoration of oil-polluted environments has
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been proven to have advantages over conventional treatments, offering a low-
cost permanent solution and a much safer alternative in removal of oil
pollutants.[68] The cost effectiveness emerges especially through elimination of
transportation expenses by treating oil pollutants on-site and by using biological
systems which are very cheap compared to some chemicals used in traditional
remediation techniques.

Other benefits include the reduction of contamination risks in other areas
as well as the positive public acceptance.[65] The preference for using
bioremediation over traditional methods also arises from the safety of its ultimate
end products, CO, and biomass; bioremediation representing an extension of
natural processes that can be accelerated by optimizing key variables. Traditional
methods, such as incineration, tend to create new waste often more harmful than
the initial substrate. A multi-disciplinary approach is fundamental for the
investigation of the bioremediation of polluted soils and contaminated aquifers as

well as for hydrocarbon bioprocessing. [42, 69, 70]

2.2 Bacterial Adhesion to Surfaces and Interfaces

It is generally accepted that microbial attachment to a surface or an
interface is a primary ecological strategy for the survival of species and the
development of specific activity and function within different environments having
impact on a variety of fields.[70] Bacteria adhesion at oil/water interfaces, for
example, has been extensively studied since the early work of Mudd and Mudd.
[8, 9] In this case, as the oil is immiscible in water, it gives a distinct boundary
phase to which microorganisms with more hydrophobic surfaces tend to be

attracted.[71]
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Although bacterial adhesion results from the same underlying physico-
chemical mechanisms that govern the adhesion of nonliving particles, the
complexity of bacterial surfaces have defied simple rules that rely on surface-

averaged properties, such as surface charge or hydrophobicity.[72]

Initial microbial attachment to a substrate is a net result of attractive and
repulsive forces and the chemical properties of the bacterial surface which is a

complex three-dimensional structure with a myriad of functional groups.[73]
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Figure 2.1 Critical steps involved in cell attachment - convective
transport, diffusion, attachment, and resistance to detachment.
Long-range interaction forces govern the rate of attachment and
short-range interaction forces govern the strength of adhesion.
Adapted from reference [1].

The transition of a bacterium from a planktonic to an adherent state
involves a number of steps, as illustrated in Figure 2.1. The microorganism must

first reach the proximity of a surface by fluid convection or motility. Then, it must
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cross the diffusive stagnant boundary layer by Brownian motion to reach a
separation distance where interaction forces between the bacterium and surface
become significant compared to thermal forces driving the Brownian motion,
which are on the order of 1 pN.[1] Finally, the bacterium must form a strong
interaction with the surface that is resistant to any subsequent dislodging forces
(e.g., fluid shear).[1] Conventionally, these forces are characterized based on the
physico-chemical properties of the interacting surfaces and by the
macromolecular structure and extracellular appendages accompanying microbial

surfaces.

2.2.1 Bacterial Cell Envelope

Bacterial surfaces are structurally very complex emphasizing a layered
cell envelope which consists of a plasma membrane, cell wall, often an outer
polysaccharide layer, and various surface appendages. The classical
differentiation of microbial cell envelope is exemplified by Gram-positive and
Gram-negative strains, according to the way they stain in the Gram reaction.[70]
As Geoghegan et al. reported in reference [70], this classification defines bacteria
with vastly different cell surface physiologies related to significant differences in
surface chemistry. Generally, the envelope of Gram-negative bacteria is
structurally and chemically more complex than that of Gram-positive bacteria.
Gram-positive bacterial surfaces are dominated by teichoic acids and Gram-
negative surfaces by polysaccharides.[2] Both Gram-negative and Gram-positive
bacteria have been shown to possess a variety of external surface layers and
surface appendages of different structural and chemical nature and having

various physico-chemical properties.

14



2.2.1.1 Gram-negative Bacteria
Gram-negative strains have a multi-layered cell envelope consisting of
two lipid bilayer membranes sandwiching a thin 1 to 2 nm-thick peptidoglycan
layer which is embedded in a concentrated gel-like matrix, the periplasmic space.
The cytoplasmic membrane delimits the inner part of the cell from the external
environment. The peptidoglycan layer makes up 8 to 15 percent of the mass of
the Gram-negative cell wall and gives the bacterium shape.[2] The outer
membrane of Gram-negative bacteria is composed of two types of lipids,
lipopolysaccharide (LPS) and phospholipids, as well as a number of
characteristic proteins and polysaccharides that serve to protect the cell.[2]
The LPS is composed of three parts:
(a) the lipid region that forms hydrophobic interactions with the lipid
region of the phospholipids;
(b) the hydrophilic, O-antigen polysaccharide region that protrudes
into the extracellular medium;
(c) the core oligosaccharide that connects the two regions
The length of the LPS chain up through the outer core is about 2 to 3 nm,
whereas the length of the O-antigen portion can reach up to 40 nm, depending
upon the number of repeating units, bending of the O-antigen chain, and solution

conditions such as pH and ionic strength.[187]
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Figure 2.2 Schematic representation of a typical cell envelope of
Gram-negative bacteria. Adapted from reference [2].
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2.2.1.2 Gram-positive Bacteria

The Gram-positive envelope consists basically of two layers which are
illustrated in Figure 2.3. The first layer is represented by the plasma membrane
that is closely associated with a well-defined, rigid outer layer of 15 to 30 nm
thickness consisting primarily of peptidoglycan and that can range anywhere from
50 to 80 percent of the cell wall mass.[174] The second and outermost layer
serves to protect the cell from environmental factors.

The other major components of the Gram-positive wall are teichoic acids
which vary in nature of the sugar backbone and type, and location of various
substituents.

The walls of acid-fast Gram-positive bacteria contain mycolic acids which
are complex, long-chain hydrocarbons substituted with sugars that confer
hydrophobicity to the cells.[174] The protective cover of the acid-fast bacteria

make them impervious to acids, as a result the name.
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Figure 2.3 Typical cell envelope of Gram-positive bacteria. Adapted
from reference [2].
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2.2.2 Cell Surface External Appendages

Bacterial interactions with their surroundings are mediated by highly
diverse classes of surface constituents such as capsules, pili and flagella which
are present on the outside of the cell wall. These surface constituents are made
of polymeric substances which consist of exopolysaccharides, proteins,

lipopolysaccharides, lipoteichoic acids, and lectins.[17]

2.2.2.1 Bacterial Capsule and Slime Layers

Capsules are highly hydrated structures consisting of over 95% water.[74]
The composition of the capsule is highly variable even among the strains of the
same species. It mainly consists of polysaccharides and proteins [75] that contain
various functional groups, including carboxyl, amino, and phosphate. Capsular
polysaccharides can be either linear or branched homopolymers or
heteropolymers possessing hydroxyl groups that can be substituted with both

organic or inorganic molecules.[76]

2.2.2.2 Pili and Flagella

A variety of surface appendages may extend beyond the cell surface into
the external environment. Most prevalent among bacteria are flagella and pili also
known as fimbriae which anchor to the plasma membrane. As Touhami et al.
emphasize in their study, pili can perform a variety of different functions, for
example, aiding genetic transfer via conjugation (e.g., F pili of Escherichia coli),
movement across surfaces via twitching (e.g., the type IV pili of Pseudomonas
aeruginosa), and adherence to a variety of surfaces (e.g., type IV pili of P.

aeruginosa).[77]
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Pili are straight, thin filaments that extend to distances greater than 100
nm from the cell wall and can reach up to one ym, and are composed of more
than a thousand protein subunits, pilin. The chemical analysis of pilin reveals a
low number of basic amino acids, a few free carboxyl groups, and a relatively
high proportion of residues with hydrocarbon side chains. Such a composition
would confer hydrophobic properties to the pili.[78]

Bacterial flagella endow the microorganism with motility and are

composed of one or more proteins.

2.3 Macroscopic Cell Surface Properties

The behavior of an adhering cell is governed by the physical and
chemical interactions of the macromolecules in the interfacial region.[70]
Macroscopic approaches such as zeta potential and hydrophobicity
measurements play an important role in the progress of our understanding of
bacterial surface-averaged or macroscopic physico-chemical properties. These

are described in more detail in the following sections.

2.3.1 Cell Surface Hydrophobicity

Hydrophobicity is widely accepted as a determinant of bacterial
adhesion.[6] Specific molecular components that have been implicated in
contributing to surface hydrophobicity include surface-associated proteins such
as fimbriae on Gram-negative bacteria [79] and mycolic acids on Gram-positive

species. [80]
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2.3.2 Cell Surface Charge

Microorganisms as well as most surfaces to which they adhere usually
have a negative zeta potential under physiological conditions. The negative
charge, which mainly arises from carboxyl and phosphate groups, may be
uniformly distributed or alternate on a patchwork pattern with positive charge
from amino groups.[81] For Gram-positive strains, net negative charge results
from a predominance of phosphate groups in teichoic acids and carboxylates of
the peptidoglycan layer as well as acidic polypeptides and polysaccharides in
glycocalyx.[82] The negative charge of Gram-negative bacteria results mainly
from acidic capsular polysaccharides and peptides and to a lesser extent from
acidic lipopolysaccharides.[82] Decreases in zeta potential correlate with
nitrogen-to-carbon ratio and nitrogen-to-phosphorus ratios of microbial surfaces
as measured by X-ray photoelectron spectroscopy (XPS).[83, 84]

It has been observed a reduction of zeta potential of E.coli following
trypsin treatment, suggesting a role of surface proteins, possibly associated with
fimbriae, in determining surface potential,.[85] Typical zeta potential values for
bacteria obtained from microelectrophoresis range from around -10mV to -50mV

at neutral pH.[85]

24 Atomic Force Microscopy

The invention of the atomic force microscope (AFM) by Binnig and co-
workers in 1986, also known as the scanning force microscope (SFM), is now
recognized as one of the most important milestones of modern science.[86] The
AFM is a high resolution surface imaging tool that additionally enables the

manipulation and probing of surface forces at small separation distances.[87]
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It can be operated in air or liquid allowing the investigation of biological
surfaces or cell components, in close-to-natural conditions.[88] The main
component of the AFM is the tip which has to be sharp in order to obtain high
lateral resolution. The contact zone with the sample is only a few atoms across,
so that only a small number of atoms and molecules on the tip are involved in

generating the force profile at small separation distances.[89]

241 Basic Theory of Atomic Force Microscopy

The AFM tip mounted at the end of a flexible cantilever is brought into
contact with the surface of the sample, resulting in bending of the cantilever and
deflection of a laser beam reflected by the cantilever surface. The magnitude of
the deflection and the displacement of the cantilever are simultaneously recorded
by a position sensitive photodiode. The electronic feedback in the system is used
to compensate the differences in surface relief adjusting the z-extension of the
piezoelectric element.[180] More than ten different imaging modes are routinely
used in AFM analysis.[180] The primarily AFM mode of operation is contact
mode, where the tip remains in continuous contact with the surface while
translated over the sample. Consequently, the contact mode is associated with
high shear forces, which can remove the sample from the substrate or damage
its surface if it is not sufficiently well immobilized.[17] As a result, this method is
not suitable for delicate soft samples such as microbial surfaces.

To minimize the damage to the sample surface because of tip
interactions, the dynamic AC mode or tapping mode was developed.

In this case, the AFM tip taps the sample surface at the end of an

oscillation cycle instead of dragging the tip along the surface; consequently, the

22



destructive effects of lateral interactions are minimized or even completely
eliminated.

The loading force, which represents the product of the force constant of
the AFM cantilever and its attraction/retraction speed, can be controlled by the
maintenance of a constant oscillation of the cantilever. The oscillation of the
cantilever can be obtained in the acoustic mode which greatly reduces the
likelihood of the cells being damaged.[180] Therefore, AC mode has become a

very useful tool for imaging biological systems.

2.4.2 Force Curve Analysis

The AFM has evolved from an imaging tool into a powerful instrument that
can probe intermolecular forces at certain locations on a sample surface. The
cantilever deflection is a measure of the interaction force between the AFM tip
and the sample surface. Attractive forces lead to a negative cantilever deflection
whereas repulsive forces lead to a positive cantilever deflection.

When the tip is far away from the surface, forces are absent and the
cantilever is not deflected. Attractive surface forces become visible when the tip
approaches the surface. If the value of the positive force gradient is the same as
the spring constant a mechanical instability, known as snap-in, occurs.[90] The
force that the tip exerts on the surface increases as the tip displacement
increases. In the case of a hard substrate, the slope of the force curve converges
to -1 and sample displacement and cantilever deflection are proportional.[90] The
distance between the tip and the sample remains constant along this contact line.
This fact is used to calibrate the cantilever deflection in the case of force
microscopes that use a laser deflection signal, which means that the deflection is

directly obtained from the signal of the photodiode.[90]
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The repulsive forces between the tip and the sample decrease
continuously during retraction of the z-piezo up to the so-called snap-off point,
where tip separation from the sample surface occurs, and which is visible
immediately after the minimum of the curve where the maximum adhesion force
can be measured.[188] Under appropriate conditions the snap-in or snap-off
contact might vanish in liquid, the interaction between the tip and the sample
being mainly repulsive.

A force curve is a plot of the measured force versus the displacement of
the z-piezo device. The displacement of the piezo device can be translated into a
tip-sample separation distance by subtracting the contact line from the cantilever
deflection.[188] After applying this normalization a so-called force-distance curve
is obtained, Figure 2.4. The AFM force-distance curves provide details on the
type of interaction occurring between the AFM tip and sample surface, and
consequently reveal important information on the physico-chemical properties of

the studied surface.[17]
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Figure 2.4 Force distance curve obtained on A. venetianus RAG-1
surface which possesses extracellular structures.
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2.4.3 AFM in Biological Systems

Although atomic force microscopy (AFM) has traditionally been used for
analyzing non-biological surfaces, it is increasingly used for imaging biological
samples offering an alternative to electron microscopy techniques for obtaining
morphology of microbial species with nanometer resolution (Figure 2.5). AFM
allows not only imaging of biological samples but also it is becoming a more and
more popular tool for probing intermolecular forces at different locations of a
bacterial surface using AFM tips with well defined surface chemistry.

The AFM technique has been adapted to microbial adhesion experiments
[91] and has been able to provide a new perspective on bacterial adhesion
contributing to the enrichment of already known macroscopic knowledge of
bacterial adhesion based on physico-chemical approaches. The AFM technique
is able to analyze a single bacterium, as opposed to other techniques such as
contact angle and zeta potential measurements that generate data based on the
behavior of an entire population of bacteria.[91]

The most important of the microbial physico-chemical properties that can
be studied with the AFM are surface hydrophobicity [92, 93], charge distribution

[92], and stretching properties of long surface polymers.[94]
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Figure 2.5 AFM height image of A. venetianus RAG-1 showing
surface detail. The image was recorded in AC mode in air.
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2.4.4 Probe Modification

Different research groups have been working on modifying the properties
of the AFM tip which is often desirable when data on the composition or sample
surface heterogeneity is the objective.[17] Commercially available AFM tips have
a unique surface chemistry by being made of silicon or silicon nitride and
therefore can probe only a limited range of interactions. Modifications of the
surface properties of the tips extend this to a wide range of physico-chemical and
specific functionalities.[188] The most common way of derivatizing the probe
surface is by using alkanethiols.[95, 96] Alkanethiols bind to gold surfaces;
consequently, the AFM tip needs to be covered with gold before thiol
functionalization. The main advantage of thiol functionalization is that such tips
are straightforward to prepare and a wide range of functional groups can be used

(e.g. —CHs;, -OH, and —COOH).

An alternative method to functionalize tips is the application of silanizing
agents to directly modify the tip. These surfaces are typically characterized by a
higher defect density and lower degree of self-organization compared to the thiol-

modified tips.[97]

Colloidal beads can also be mounted on the AFM cantilevers. Because of
the large size of a typical colloidal particle, the lateral resolution of both sample

structure and interaction forces is only on the order of 1 to 10 um.
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2.4.5 Immobilization of Bacteria for AFM Characterization

During the last decade, numerous methods were developed for the
immobilization of bacteria in both dead and living states. Bacterial samples for
AFM analysis can be prepared by using chemical fixatives like glutaraldehyde, as
demonstrated by Razatos et al. [18], or by chemically cross-linking them to the
substrate with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide HCL (EDC) as
emphasised by Camesano et al. [98] A problem with these treatments is that they
change the surface properties of the bacteria by cross-linking the proteins. These

methods are not suitable when analyzing bacterial physico-chemical properties.

While most mounting procedures destroy cell viability, recent advances in
substrate preparation have preserved cell integrity.[189] One of the most wide-
spread methods, developed by Kasas and Ikai is to entrap bacteria in the pores
of a microfilter (pore size typically between 0.45 and 1.5 um).[99] The bacterial
surface is then routinely analyzed on the reverse side of the filter so that only the
part of the bacterium which protrudes through the surface is analyzed.[17] The
advantage of this method is that it does not rely on either chemical fixatives or
immobilizing agents. The main disadvantage of this technique is that it does not
allow the analysis of the whole of the bacterial surface and it is suitable only for

spherical cells.[17]

An alternative method involves the embedding of the bacteria in an agar
gel.[100] Although the substrate is gelatinous and not suitable for imaging in AC
mode, the method works as long as the bacterial surface sticks out of the agar

layer.[17]
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A disadvantage of this method is the need for elevated temperatures to
liquefy the agar. The high temperatures could affect the viability of the bacteria

and alter the bacterial surface structures.[17]

Recently, an alternative method for imaging bacteria in their native state,
without affecting their surface properties, was developed by Schar-Zammaretti
and Ubbink.[101] They attached negatively-charged bacteria to glass slides
functionalized with poly-L-lysine. As most bacteria are negatively charged, the

method is suitable for a wide range of bacteria.

2.5 Equations Governing the Force Interactions

As emphasized by Busscher in reference [101], all adhesive interactions
among macroscopic bodies, colloidal particles—whether microorganisms or inert
synthetic particles—and molecular entities are mediated by physico-chemical
interactions.[102] There are only a few basic forces in nature able to exert these
interactions including the Lifshitz-Van der Waals forces, electrostatic interactions,
hydrogen bonding, and Brownian motion.[103] All other forces are direct or
indirect corollaries of these basic forces.[103]

Mathematical modeling was introduced as a quantitative tool to better understand

physico-chemical properties of synthetic or living entities.
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2.5.1 DLVO theory of Colloidal Stability

The well-known DLVO theory —named for Derjaguin, Landau, Verwey
and Overbeek— describes the stability of a colloid dispersion as a balance
between the two forces: electric double layer repulsion and van der Waals
attraction.[104]

The range of the electric double layer interactions extends up to 100 nm,
varying inversely with the square root of the ionic strength and arising from the
existence of overlapping diffuse double layers of counterions near charged
surfaces in solution. The van der Waals forces arise from the specific alignment
and coupling interactions of molecular dipoles and they range up to a few
nanometers. In addition to these forces, there may be polymer bridging or
depletion forces that extend to the radius of gyration of the polymer, and acid-
base forces whose extent is not more than several molecular diameters. These
four forces are the base of colloid science, and the quantitative understanding of
their molecular basis has lead to their widespread control and exploitation.

Direct measurement of the interactions between the AFM tip and various
substrates has proven to be an essential tool in validating DLVO theory for ideal

macroscopic and various microscopic systems.[105, 106]

2.5.1.1 Electrostatic Interactions

Electrostatic forces are predominant in aqueous solutions arising from
dissociation of ions, ion adsorption or metal ion substitution of surfaces; they can
be attractive or repulsive depending on the surface potential, ionic strength, and
pH.[107] However, most surfaces possess a net negative charge and have
affinity for the positively charged ions randomly distributed in the solution.

Concomitantly, the negatively charged surfaces repel negative charges in the
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solution. This leads to an electrical potential that forms the electric double layer,
which decreases from the value at the surface to zero at infinite distance in the
bulk solution.

The AFM has been shown to be a versatile instrument for measuring
electrostatic forces.[108] The electrostatic interactions are characterized by the
high strength, as well as long range in comparison to the other relevant surface
interactions, such as van der Waals forces.[108]

Electrostatic interactions among charged surfaces in fluids can be
classically treated with the Poisson-Boltzmann equation, which describes the
variation of potential and charge density of the counter ions at different
separation distances from a charged surface of arbitrary shape.[105] Simplified
models have been developed from the fundamental relationship based on
assumptions about particle surface charge and geometry.[105]

When two charged surfaces approach each other in an electrolyte
solution, their diffuse double layers overlap, resulting in the electrostatic double
layer interaction. Theoretical curves for electrostatic double-layer force, F., as a
function of the separation distance, h, can be calculated using the well known
expression derived by Hogg, Healy, and Fuerstenau [109] assuming constant

surface potential on the substrates:

2 2
F = 4z, (Ka{k_Tj v, exp(— Kah) B (‘Pt -, ) y exp(— 2Kah) o 1
ze l+exp(-xah) 2¥¥, 1-—exp(-2xah)
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In the above formula, ¥; and Y¥; are the scaled surface potentials
(W =zey /KT ) of the tip and the substrate, respectively, h is the separation

distance between the two substrates, a is the AFM tip radius, and « is the inverse

Debye length, given by the following expression:

_ |2000N,¢*(Mz’) 9o
£,KT

where N, is Avogadro’s constant, M the molarity (mol I'") of the ions of the
electrolyte, z the valence, ¢ the dielectric constant of the solution, ¢, the dielectric
permittivity of vacuum, k and e are the Boltzmann constant and the electronic
charge, respectively, and T is the absolute temperature. According to the above
relationships, an increase in electrolyte concentration results in a decrease in
Debye length and concomitant reduction in electrostatic force.

The surface potential of a microbial cell is assumed equal to its zeta
potential, as calculated from experimental values of electrophoretic mobility and

the Smoluchowski equation [110] :

,LlE — gOgRgSmol 23
2y

where pe refers to the electrophoretic mobility of the sample, {sn. the zeta

potential and yr the fluid viscosity, taken as that of water.
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The counterions in the medium screen the surface charge and decrease
the measured electrical potential at high ionic strength. Hence, the electrostatic

interactions are low at high ionic strength and high at low ionic strength.[111]

2.5.1.2 Van der Waals Interactions

The van der Waals or London dispersion forces originate from induced
dipoles in molecules and have an interval of influence ranging from about 0.2 nm
to over 10 nm.

The expression for the nonretarded van der Waals force between a
sphere and an infinite planar surface, based on Hamaker's approach and

Derjaguin’s approximation is given as [112],

Al a a 2a
Fuw= —| ——— 2.4
’ 6[ h? (h+2a)2+h(h+2a)}

where A is the Hamaker constant, a is the radius of the AFM tip, and h is the
surface-to-surface distance between the substrate and the AFM tip.
The expression for the Hamaker constant of the system can be computed

in terms of the Hamaker constants of the individual components
A132 = (A11/2_A31/2) (A21/2_A31/2) 25

where A;and A, are the Hamaker constant of glass and gold, respectively, and

A;zis the Hamaker constant of the solution.
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The various surface tension components of a bacterial cell can be
obtained through contact angle measurements using the van Oss—Chaundhury—

Good equation [113]

(1+c0s0 J, =2( 7 v +\/y;7[) 2.6

where 6 is the contact angle, y, is the total surface tension of the liquid, y\*" is the
Lifshitz-van der Waals (LW), or apolar surface tension component of condensed
material (i), ;" and y; are the electron acceptor and electron-donor parameters of
the Lewis-acid base components of the surface tension of condensed material (i),
and the subscripts S and L refer to the substrate and liquid phase. Values of y,

for a number of liquids have been tabulated as shown in Table 2.1.

35



Table 2.1. Surface tension components (y."" and y.*® ) and parameters of
v.*® (y." and y.), mJ/m?, for the most commonly used high-energy contact
angle liquids.[119]

Liquid YL v v e v Yo
Water 72.8 21.8 51.0 25.5 255
Polar Glycerol 64.0 34.0 30.0 3.92 57.4
Formamide 58 39.0 19.0 2.28 39.6
Apolar | Diiodomethane 50.8 50.8 0 0 0
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Knowledge of the surface free energy allows the calculation of the
Hamaker constant for individual microbes, which may be used to calculate their
individual interaction energies. van Oss et al.[113] formulated an algebraic
method of determining the Hamaker constant based on the apolar component of

the microbial surface free energy:

A = 24ml%y Y 2.7

where [, represents the minimum equilibrium distance between two parallel flat
layers of material i. van Oss determined that the minimum separation distance

fell within a range of 1.57 + 0.09 A.

2.5.2 DLVO Theory Applied to Microbial Systems

A bacterial suspension may be interpreted as a living colloidal system as
a result of their small size, density, which is only slightly greater than that of
water, and their negatively-charged surfaces. Consequently, many researchers
have attempted to describe bacterial adhesion by colloidal theories such as the
DLVO theory.[111, 114] However, it should be noted that the DLVO theory, which
was derived for homogeneous, hard bodies, sometimes is only of qualitative

value when applied to bacterial interactions.[7]

The DLVO theory deals with the interplay of electrostatic interactions and
short range van der Waals forces. Additionally, in the case of microorganisms,
hydration forces and polymer-mediated interactions can be measured at short

separation distances (between 0.1 and 5 nm) for the first group and at larger
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distances (up to 100 nm) for the latter. All these surface forces play an important

role in predicting rates of attachment of bacteria in solution to surfaces.[115]

While useful in many situations where surfaces may be assumed uniform
and relatively ideal, the DLVO theory does not account for several types of
interaction forces thought to be relevant to microbial attachment, including
hydrophobic interactions,[103] and steric forces,[114] as well as the effects of
surface roughness.[116] As a result, discrepancies between measured
interaction forces and the DLVO theory have been mentioned by a large number

of researchers studying microbial attachment.[115,116,117]

2.5.3 Schematic of DLVO interactions

As illustrated in Figure 2.6, the general trend of any DLVO plot shows that
the interaction energy (or force) is equal to zero at infinite separation distance so
that the particles exert no influence on each other. Then, as two surfaces
approach, the initial interaction between them is governed by a balance of long-
range attractive and repulsive forces, primarily van de Waals and electrostatic
interactions.[18] van der Waals forces draw the surfaces together, creating a
gradually attractive interaction energy leading to a secondary minimum, Figure
2.6. The depth and location of the secondary minimum depends on the ionic
strength. In general, an energy maximum separates two energy minima.

At a few nanometers from contact, there is a significant energy barrier
due to the electrostatic repulsion becoming the dominant force. However, if
through Brownian motion or some other mechanism the energy barrier is
overcome, the colloids fall into a deep energy minimum with the interaction

energy going to negative infinity at a separation distance of zero. This primary
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energy minimum corresponds to short-range interactions at contact and it is very
unlikely for a particle to detach after reaching this minimum.

In general, the attachment of a particle to a surface can be viewed as
crossing into the primary minimum or into a secondary minimum that is
sufficiently deep to keep them together.[83] The height of the maximum energy
barrier predicts the rate at which attachment occurs. As it has been emphasized
by Somasundaran in reference [83], higher electrolyte concentrations, larger
Hamaker constants, or lower surface potentials all decrease the decay length of
the repulsive forces (the Debye length) and reduce the energy barrier to

attachment.[84]
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Figure 2.6 DLVO plot showing electrostatic, van der Waals, and total
potential between a flat plate and a sphere.

40



The appearance and depth of the secondary energy minimum is
dependent on the ionic strength of the solution. At high ionic strength, the
electrostatic forces are not as significant, and therefore a secondary minimum
exists. At low ionic strength, electrostatic interactions play a larger role preventing

a secondary minimum from forming.

In the case of a suspension of E. coli in high ionic strength buffer, the
DLVO theory has predicted an energy maximum that acts as a barrier to direct
contact between the cell and the substratum, and a secondary energy minimum
that is sufficiently deep to allow adhesion to occur at about 3 nm from the sample

surface.[118]

2.5.4 Extended DLVO Theory

Application of the DLVO theory to microbial cells usually involves the
assumption that they are inert. Living organisms are capable of producing
extracellular specific structures, and have structurally and chemically more
complex cell walls than the surface of synthetic colloidal particles; therefore, it is
expected that the force curves recorded upon approach to bacterial surfaces
would involve specific biological interactions.

The DLVO theory does not take into account short-range forces such as
hydrophobic interactions that are of particular importance being considered the
driving forces for the adhesion of microbes to the oil/water interface as in

bioremediation and bioprocesses.
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Van Oss et al. [119] have proposed an enhanced DLVO model, the
extended DLVO theory, that accounts for acid-base (AB) interactions. These
interactions determine the hydrophobicity (or hydrophilicity) of the involved
surfaces and can range up to 5 nm from the surface into the surroundings being
attractive or repulsive.[111]

The acid-base theory has had better success at modeling bacterial
systems than typical DLVO.[120] In biological systems, hydrophobic interactions
are usually the strongest of all long-range noncovalent interactions. It can be
shown that hydrophobic attraction arises principally due to the hydrogen-bonding
free energy of cohesion of the water molecules of the liquid medium in which

hydrophobic molecules, sites or particles are immersed.[103]

2.5.5 Steric Forces

In general, the disagreement between the experimental results and
calculated extended DLVO interactions have been attributed to interactions
between bacterial extracellular structures and surfaces.[25] Jucker et al. have
shown that polymer interactions can be attractive or repulsive.[25] Steric
repulsion has been proposed to arise from higher affinity of the microbial
polymers for the solvent than for the solid surface.[25] Inflexible polymer chains
may also hinder the cell to approach the solid surface at distances where DLVO-
type attraction would occur.[121] Bridging attraction occurs when the polymers
have a higher affinity for the solid surface than for the liquid medium and anchor
the cell to the surface across an energy barrier resulting from DLVO forces.[25]
In this case, irreversible bacterial adhesion occurs that has been suggested to

originate from the formation of hydrogen bonds.[113, 122]
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The steric interactions between the AFM tip and a particular bacterial
surface were modeled using a model developed for grafted polymers at relatively
high surface coverage.[7] The force per unit area between two parallel flat
surfaces, Fs;, only one of which is coated with polymer, has been modeled
following the work of Alexander [123] and de Gennes.[124] Butt et al. [125] have
modified the model to describe the forces between a spherical AFM tip and a flat
surface by integrating the force per unit area over the tip surface, resulting in the

following formula for the interaction force

Fs = 50kgTaL, ek 2.8

where kg is Boltzmann constant, T the temperature, a the tip radius, I the grafted
polymer density in the brush layer (m?) reflecting how much of the surface is
covered by polymers, h the separation distance between the two surfaces, and Lo
the equilibrium thickness of the polymer layer. For all the calculations, the tip
radius was assumed to be 40 nm. Ly and I serve as fitting parameters for the

model.

2.5.6 Soft-particle DLVO Theory

Ohshima [181,182] has developed the soft-particle DLVO theory to help
explain the interactions between soft biological samples and various surfaces.
The Ohshima’s theory assumes the presence of an ion-penetrable, charged
polyelectrolyte layer around the rigid core of a microorganism.[181] Since the
outer membrane of Gram-negative bacteria, for example, is composed of LPS,

proteins, and phospholipids [183], the surface has a non-uniform distribution of
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charge, and therefore the zeta potential may not be an accurate measure of the
surface potential. By fitting the soft-particle theory to the electrophoretic mobility
data as a function of ionic strength, a surface potential value can be obtained for
the bacterial surface.

Most of the earlier studies in literature relied only on Smoluchowski
formula to calculate the surface potential of a microorganism. According to the
Smoluchowski formula, the surface potential is expressed as zeta potential and
depends only on the viscosity of the medium.

A comparison of the surface potentials using Smoluchowski’s formula and
Ohshima’s soft-particle calculations showed that Smoluchowski’s results always
predicted higher surface potentials for the bacteria.[184] Moreover, lower energy
barriers were obtained when the energy calculations were performed with surface
potentials obtained from the soft-particle calculations than when zeta potential
values were used.[184] However, de Kerchove and Elimelech [185] have shown
that the outer surface potential of bacteria determined with Ohshima’s theory for
soft particles failed to predict the low attachment efficiencies of two Escherichia

coli K12 mutants having lipopolysaccharide (LPS) layers of different lengths.
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3. MATERIALS AND METHODS'
31 Microorganisms and Growth Conditions.

The hydrocarbon-degrading bacteria employed in this study were
Acinetobacter venetianus RAG-1 (formerly A. calcoaceticus RAG-1 [186]) and
Rhodococcus erythropolis 20S-E1-c. A. venetianus RAG-1, a representative of
the Gram-negative bacteria, was originally isolated by growth on crude oil by
Reisfeld et al. [126] from a marine beach and has been thoroughly characterized
by others.[127] R. erythropolis 20S-E1-c, a representative of acid-fast Gram-
positive bacteria, was initially isolated from a marine sediment in Washington
State [128], and is one strain of a species frequently isolated from hydrocarbon-
impacted environments. This genus has long-chain hydrophobic mycolic acids
exposed on the exterior of the cell wall surface.[129]

The bacterial cultures were grown in Trypticase soy broth (Difco, Sparks,
MD) with incubation at 28°C and under gyratory shaking. Both microbes were
harvested by centrifugation at their early stationary phase (previously determined
by optical density and viable cell count) and washed twice with 0.1M (pH 7)

potassium PBS. The washed cells were then resuspended in phosphate buffer.

3.2 Cell Immobilization for AFM Measurements.
Applying AFM to the examination of living microbial cells requires a robust
technique for cell immobilization, while avoiding denaturation. Effective

immobilization techniques must position the cells such that they are firmly

! Portions of this chapter have been published:

Dorobantu, L.S., Bhattacharjee, S., Foght, J.M., and Gray, M.R. 2008. Langmuir
24: 4944-4951.
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attached to a support and stable to tip forces in liquid environments that favor
viability. Both species of bacteria used in this study were strongly bound to the
surface of glass slides coated with 3-aminopropyltrimethoxysilane (Genorama,
Asper Biotech, Tartu, Estonia). A droplet of concentrated bacterial suspension (5-
10 ul) was placed onto a silanized glass slide. After 60 min of settling, the
bacteria-coated glass was rinsed to remove loosely attached cells and
transferred to the AFM stage. Slides were kept hydrated the entire time prior to
AFM work by soaking the slide in phosphate buffer. All measurements were

made at room temperature under 0.1M phosphate buffer solution.

3.3 Functionalization of AFM Tips

Olympus gold-coated cantilevers (Bio-levers) with nominal spring
constants of 27-50 pN/nm, determined using the Cleveland thermal noise method
[130], were purchased from Asylum Research (Santa Barbara, CA). These AFM
tips were functionalized with alkanethiols terminating in OH (hydrophilic) or CH3
(hydrophobic) groups by immersing the gold coated cantilever in 1 mM ethanol
solutions of 11-mercapto-1-undecanol (Sigma-Aldrich, Oakville, ON) or
octadecane thiol (Sigma-Aldrich), respectively.[93, 131] The tips were exposed to
the solutions for 18 h. After self-assembly, all tips were rinsed with pure ethanol
to remove any physisorbed thiols and gently dried in a stream of nitrogen. The
tips were used immediately after preparation, conducting every set of

measurements with a fresh tip.
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34 Imaging of Bacterial Cells with AFM

All AFM characterization was performed using a Molecular Force Probe
3D (MFP 3D) from Asylum Research (Santa Barbara, CA) controlled with IGOR
PRO software (Wavemetrics, Portland, OR). This instrument gives improved
control over the z position of the cantilever relative to the sample by using an
absolute position sensor. All the topographic images were acquired in AC
(alternating current) mode, to avoid the surface damage accompanying contact-
mode imaging of soft samples.[132] In AC mode of operation, the AFM cantilever
is vibrated near its resonance frequency and scanned over the surface of interest
using intermittent contact between the tip and the sample. While imaging in AC
mode, the system monitors the vibrational amplitude of the cantilever and keeps
it constant with the aid of a feedback system that adjusts the z-piezo in response
to topographic information. It is the z-piezo movement that generates a
topography data set. This mode of operation reduces friction forces and hence
reduces the accumulation of cellular components on the tip being considered the
best choice for imaging soft biological samples such as bacterial cells.[133]

To better resolve small surface features and borders, phase and
amplitude images were recorded in addition to the more common topographic
images. The scan rate ranged from 0.5 to 1 Hz and the tip velocity was
maintained between 25 and 50 yms™. Typically, we began by scanning a 20 pm
x 20 um area that would contain several bacterial cells. Gradually, the image size
was reduced to isolate individual cells (2 yum x 2 pm). Topographic, phase and
amplitude images were acquired using both non-functionalized silicon nitride
probes, as well as the functionalized probes. These measurements were used to
determine the variations in topographic resolution due to tip modification. All

measurements were performed in “wet” conditions, that is, by keeping the tip and
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sample immersed in phosphate buffer. The phase and amplitude mode images
were acquired employing chemically derivatized AFM tips with alkanethiols
terminating in OH (hydrophilic) or CH3 (hydrophobic) groups. These images not
only provide a better resolution of the finer microstructural details of the bacterial
cell surfaces, but also provide insight regarding interactions between the
heterogeneous cell surface and the chemically modified tips. The amplitude
image resembles a derivative of the height image, accentuating edges on the
sample surface and therefore tracking bacterial roughness, at the expense of the
height information.[134] The phase image is generated by mapping the phase lag
of the cantilever oscillation relative to the phase of the drive oscillation. Since it is
energy dissipation that directly impacts the phase signal, variations in adhesion,
elasticity, viscoelasticity, and long-range forces between the sample and the tip,

which all impact the energy dissipation, can be mapped in the phase image.[98]

3.5 Force Analysis on Bacterial Surfaces Using AFM

Forces were measured between individual bacterial cells and chemically
modified silicon nitride cantilevers. After topographic images were recorded for at
least three bacterial samples, the tip was positioned over the top of a cell,
scanning was stopped and force measurements were performed at randomly
selected locations around the upper surface of each bacterial cell studied. The
force distance curve was obtained for both the approaching and retracting
motions of the tip. The pull-off is characterized by the location where the
cantilever elastic stress overcomes the adhesive interactions between the probe
and the sample. In the retraction phase, the pull-off (snap-off) force was
recorded, and this force was used as a key parameter to study the tip adhesion

to the bacterial cell surface. Triplicate measurements were performed on each
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location on the surface of a bacterial cell. At least five cells were measured with
the use of fresh probes and independent preparations to ensure consistent
results. Individual force curves were collected at Z-scan rates of 0.5 Hz. IGOR
PRO software was used to analyze the force measurements, which were initially
acquired in terms of tip deflection (V) vs. relative distance of separation (nm). The
slope of the retraction curves in the region where the probe and sample were in
contact was used to convert the voltage into cantilever deflection (nm). The
conversion of deflection data to force was conducted employing the approach

previously described by Ducker et al.[106]

3.6 Zeta Potential Measurements

A Brookhaven ZetaPALS analyzer (Brookhaven Instruments Corporation,
Holtzville, NY) and disposable folded capillary cells were used to measure
electrophoretic mobilities of different bacterial suspensions at room temperature.
[110] Zeta potential was measured for cells that were harvested in the early
stationary phase. The microbes were resuspended in phosphate buffer at several
ionic strengths. Prior to using the bacterial sample, three conductance readings
of the buffer solution were recorded to allow the polarization of the electrodes at
the studied ionic strength.[13] The measured mobility of the bacteria was
converted to zeta potential by the instrument software using the Smoluchowski
equation (2.3). In this study, for each sample, the measurement was repeated
three times at room temperature (22°C). The average value and standard

deviation are reported on the basis of the three measurements.
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3.7 Transmission Electron Microscopy of Bacterial Cells

Negative staining was used to visualize cell external structures such as
pili and to measure the dimensions of the cells. A drop of the bacterial
suspension was placed on a carbon-coated grid for 5 minutes without allowing
the liquid to dry. Following this, the sample was stained by applying a drop of 2%
(w/v) uranyl acetate solution to the grid. After staining, the grid was washed twice
and examined with a Philips / FEI (Morgagni) transmission electron
microscope.[101] Capsules were visualized using transmission electron
microscopy (TEM) by fixing cells in 5% cacodylate buffered glutaraldehyde, post-
fixing in 1% osmium tetroxide, dehydrating through a graded ethanol solution and
embedding in Epon as described by Schaer-Zammaretti and Ubbink.[101]
Ruthenium red (0.15%) and phosphate buffer were added to both fixative and
wash solutions to stabilize the capsule material.[101] Ultra-thin sections were
stained in aqueous uranyl and lead salts and examined by using a Philips / FEI

(Morgagni) TEM.

3.8 Contact Angle Measurements

Contact angle measurements were used to quantify the hydrophobicity of
both bacterial species and also to calculate their Hamaker constants. Bacteria
were harvested at early stationary growth phase and washed two times with
phosphate buffer and resuspended in the same solution. Four milliliters of the
bacterial cell suspension was applied to a 0.45 um filter (membrane filters;
Millipore, Billerica, MA) and vacuum filtered. The filters were partially dried and

contact angles were determined on lawns of bacterial cells using the sessile drop
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technique. The measurements were carried out at room temperature by
depositing a 20 pl droplet of the probe liquid. Five contact angle measurements
were obtained immediately following deposition of the liquid droplet. Water and
diiodomethane (HPLC grade, Sigma-Aldrich) were used as the probe liquids, as
they have well known surface tension properties. Eight filters were prepared for
each bacterial species, and contact angle values were averaged and used for

surface free energy calculations.
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4. Atomic Force Microscopy Measurement of Heterogeneity in

Bacterial Surface Hydrophobicity?

4.1 Introduction

The use of microorganisms in hydrocarbon processing or remediation of
oil spills is a promising technology considered to be the most environmentally
sound, least intrusive and cheapest of the new technologies in these fields.[36]
However, the chemical complexity and water insolubility of crude oil present
challenges to microorganisms using petroleum as a growth substrate.
Attachment of bacteria to the oil/water interface, at the surface of oil droplets
suspended in water, is a common adaptation for overcoming the poor aqueous
solubility of the hydrocarbons.

Macroscopic surface properties of microbial cells have been extensively
investigated starting with the pioneering observations by Mudd and Mudd [8, 9] of
bacterial partitioning at oil/lwater interfaces. These studies suggest that,
depending on their surface hydrophobicity, bacteria can be positioned on one
side or the other of the oil/water interface. Macroscopic cell-surface properties
have been commonly inferred from water contact angle measurements on
bacterial lawns deposited on membrane filters [10, 11] or from bacterial adhesion
to hydrocarbons.[12] The results of these measurements were based on average
cell surface hydrophobicity, and do not provide information about the forces

governing the adhesion process at the molecular scale.[14]

2 A version of this chapter was published previously:

Dorobantu, L.S., Bhattacharjee, S., Foght, J.M., and Gray, M.R. 2008. Langmuir
24: 4944-4951.
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To enhance the bioavailability of an insoluble substrate and promote
adhesion, we need to understand how the behavior of microbial cells at an
oil/water interface depends on the morphology and physicochemical properties of
the cell surface. The morphology of the bacterial cells has traditionally been
observed via electron microscopy. While this technique can provide high-
resolution images, the extensive sample processing such as treatments with
heavy metals to provide the necessary contrast to make structures visible and
the need for the sample to be under vacuum limits its application in visualization
under physiological conditions.[135] It has been shown that bacterial interactions
can be mediated by extracellular layers, such as capsules or slime layers of
polysaccharides, or protein-based appendages such as pili.[21] The structure of
these appendages and their specific chemistry facilitate the microorganism’s
attachment to different types of surfaces and interfaces.[20] The presence and
properties of these cell surface constituents depends on the bacterial species
and the growth and environmental conditions.

Atomic force microscopy (AFM) offers a facile alternative for obtaining
microscopic physicochemical properties and morphology of biological surfaces.
[15, 16] AFM allows probing of surface hydrophobicity, surface charges, and
mechanical properties of living bacterial surfaces in their physiological
environments, without chemical preparation and with nanometer resolution,
providing information that is complementary to that obtained using other
structure-determination techniques.[17] AFM also allows the quantitative
determination of the nanoscale interaction forces between the probe tip and a
cell. A force-distance curve or a force-volume map can be exploited to gain
insights into a variety of physicomechanical and physicochemical properties of

the cell and its surface structures.[18]
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Most commercially available AFM tips are made of silicon nitride and
have a unique surface chemistry which provides a limited range of parameters for
quantitative force measurements.[93] One method for obtaining probes of well-
defined chemistry and geometry is to attach a particle such as a microsphere to
the AFM cantilever. However, the use of a large colloidal probe of micrometer
dimension is not an effective solution for mapping the chemically heterogeneous
surface of a bacterial cell because of the loss of resolution. A large AFM tip
cannot probe local interactions on an area a few tens of square nanometers or
give high-resolution imaging.[19] Other methods include the modification of AFM
probes with different chemicals or biological molecules. Emerson et al. [116]
studied the interaction of S. epidermidis immobilized on AFM probes with
functionalized planar surfaces. This technique provides useful information on
bacterial interactions with different materials, but it cannot be used to probe the
heterogeneity of the cell surface. The most common and versatile approach is
based on the formation of self-assembled monolayers of alkanethiols onto gold-
coated probes.[96] The thiols form ordered self-assembled monolayers that are
tightly bound to the gold surface via chemisorption of the sulfur atoms. The
monolayers are stabilized further by the lateral hydrophobic interactions of the
alkyl chains. By derivatizing the surface of the AFM tips with such well-defined
chemical groups, we can learn more about the local distribution of cell surface
properties such as surface hydrophobicity across single cells. Furthermore, by
changing the terminal groups of these self-assembled monolayers, specific
interactions between regions of a bacterial cell surface and different functional

groups may be elucidated.

54



In this study, we used AFM to visualize the morphological details of two
bacterial strains with different surface hydrophobicity under native conditions and
measure the interaction force between these microbial cells and chemically
modified AFM tips. By AFM imaging, we investigated the correlation of the
bacterial cell dimensions to the results obtained by transmission electron
microscopy. The shape and magnitude of the interaction forces determined from
the AFM retraction force curves were used to define the heterogeneity of the cell
surfaces. Results from the AFM force curves were used to define the relationship
between the heterogeneous bacterial surface properties and the three-phase

contact angle of hexadecane and water at the cell surfaces.

4.2 Microbial Characterization: Ultrastructure and Morphology

The AFM height images provide information on sample surface
topography, whereas phase and amplitude images reveal a high sensitivity to fine
surface details. Moreover, phase images can provide insight regarding adhesion
interactions between the heterogeneous cell surface and the chemically modified
tips whose surface modification procedure is presented in Section 3.3 of Chapter
3.

Fig. 4.1 presents AFM phase images, recorded in AC mode, of the
surface of A. venetianus RAG-1 taken with the hydrophilic (a) and hydrophobic
(b) modified tips, respectively, in phosphate buffer. Images of A. venetianus
RAG-1 acquired using the hydrophilic tip show the cells surrounded by pili (thin
fibrils in Fig. 4.1a), in comparison to the image of another RAG-1 cell acquired
with the hydrophobic tip (Fig. 4.1b), which does not show the presence of any
extracellular structures. Figure 4.1c shows the amplitude image taken on A.

venetianus RAG-1 surface with the hydrophobic tip. The amplitude image
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provides information about the topography of the cell surface. The bacterium
appears covered by a compact granular layer, which resembles a capsular
structure. It is worth mentioning that the fine surface features were not detectable
from the height image obtained by direct topographical scan of the bacterium as
can be seen in Figure A.8. The phase and amplitude images provide
considerable details regarding the organization of the cell surface in terms of the
distribution of highly adhesive regions and the nanoscale roughness of the
surface. With the hydrophobic tips, an adhesive region was mapped toward the
right hand side of the images giving a halo-like appearance in the phase image

(Fig. 4.1b) and a smooth extended profile in the amplitude image (Fig. 4.1c¢).
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Figure 4.1 (a) A. venetianus RAG-1 AFM phase image taken in phosphate
buffer with the hydrophilic tip; (b) and (c) A. venetianus RAG-1 AFM phase
and amplitude images, respectively, taken in phosphate buffer with the
hydrophobic tip. The axes represent cell dimensions (in um).
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Fig. 4.2a shows the AFM phase image, recorded in AC mode, of the
surface of R. erythropolis 20S-E1-c taken with the hydrophobic modified tip.
While no extracellular structures were observed on the surface of this bacterium,
a lighter phase contrast could be seen at the pole of the cell. The amplitude
image (Fig. 4.2b) shows a rough surface, possibly representing capsule. As in
the case of A. venetianus RAG-1, we once again observe a halo like adhesive
zone toward the right hand side of the phase image, and a smooth extended
profile in the amplitude image. It is worth noting that the phase image provides a
fairly detailed view of the chemically heterogeneous surface, as manifested by
the distribution of adhesiveness.

The amplitude image, on the other hand, provides the nanoscale
roughness of the bacterial surface. Fig. 4.2c, which is a contour plot calculated
from point-by-point measurements of adhesion forces, presents a map of
adhesive forces on the surface of R. erythropolis 20S-E1-c. Comparing Fig. 4.2a
and 4.2c, we notice that the lighter contrast in the phase image corresponds to

the higher forces in the adhesion force map.
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Figure 4.2 (a) R. erythropolis 20S-E1-c AFM phase image; (b) R.
erythropolis 20S-E1-c AFM amplitude image. (¢c) Adhesion force map for the
surface of one cell of R. erythropolis 20S-E1-c. Contours are from point
measurements and the darker color in this image represents stronger
adhesion forces. All images were taken in phosphate buffer with the
hydrophobic tips. The axes represent cell dimensions (in pm).
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Figure 4.3 shows some representative TEM images of the two types of
bacteria employed in this study. The existence of pili on the surface of A.
venetianus RAG-1 was confirmed by TEM in Fig. 4.3a where pili of 0.1 to 0.7 ym
length and 5-8 nm diameter can be clearly seen surrounding the cell. The
presence of a capsule surrounding A. venetianus RAG-1 surface was also
confirmed by TEM in Fig. 4.3b, which displays a capsule of ~ 100 nm thickness.
Finally, the presence of a capsule surrounding R. erythropolis 20S-E1-c surface
was also confirmed by TEM, as depicted in Fig. 4.3c, where the capsule material

seems to be unevenly distributed.
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Figure 4.3  Transmission electron micrographs; (a) Thin sections of A.
venetianus RAG-1, negatively stained, with pili extending from the cell
surface (scale bar = 200 nm); A. venetianus RAG-1 (b) and R. erythropolis
20S-E1-c (c) surrounded by capsule (scale bars = 500 nm)
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The dimensions of the A. venetianus RAG-1 and R. erythropolis 20S-E1-c
obtained during AFM imaging in liquid were comparable to TEM measurements.
A. venetianus RAG-1 cells were 1.72 + 0.09 pm long, 1.10 + 0.05 pm wide, and
their height was 0.66 + 0.03 pym, Figure A6 and A7 in Appendix A. R. erythropolis
20S-E1-c cells were 2.44 + 0.02 ym in length, 1.50 £ 0.23 ym in width, and 0.71
1 0.05 pym in height (mean % 1 standard deviation; n = 10), Figure A9 and A10 in
Appendix A.

The measurements of A. venetianus RAG-1 and R. erythropolis 20S-E1-c
were done only on non-dividing cells; therefore, the variation in size is relatively
small.

Although the measurements were taken using both unmodified as well as
functionalized tips, there was not a significant variation in the key dimensions of
the cells. In all cases, the attachment of the cells to the surface was sufficiently

robust to allow an individual bacterium to be repeatedly imaged.

4.3 Force Measurements

Figure 4.4 depicts typical force distance measurements consisting of
approach (Fig. 4.4a) and retraction curves (Fig. 4.4b) obtained on a silanized
glass substrate (blue trace), A.venetianus RAG-1 (red trace), and R. erythropolis
20S-E1-c (green trace). In all cases, the measurements were conducted with
hydrophobic tips immersed in phosphate buffer. The data for the hydrophobic tips
interacting with the cell surfaces are representative of results obtained on at least
five cells, using fresh AFM tips and independent preparations (a collection of
retraction force curves for each bacterium is presented in Appendix A). Multiple
force curves recorded at the same location yielded reproducible behavior (data

presented in Appendix A). Force curves were also measured on the silanized
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glass substrate (Figs. 4.4a and 4.4b, blue trace), before and after measurement
on the cells, to confirm that there was no contamination on the AFM tip that may
have caused nonspecific adhesion between the tip and the cell surface.

The approach curves for the hydrophobic tip toward the silanized glass
(Fig. 4.4a, blue trace) and A.venetianus RAG-1 (Fig. 4.4a, red trace) are almost
identical, indicating a sharp short range repulsion, followed by a short range
attraction (resembling a jump-to-contact), and a virtually negligible long-range
interaction.

In case of R. erythropolis 20S-E1-c, the approach curve (Fig. 4.4a, green
trace) does not show any short range attraction. Overall, all the approach curves
are quite similar for the three types of surfaces indicating a very short range (~10
-20 nm) interaction between the approaching tip and the substrate.

The retraction curves, on the other hand, are strikingly different for the
three types of substrates. The retraction curves for the interaction between the
silanized glass substrate and the hydrophobic tip displayed the snap-off effect
(Fig. 4.4b, blue trace), which occurred over a length of only a few nanometers.
During retraction, the attractive interaction between the A. venetianus cell and the
AFM tip was manifested over a considerably larger distance, generally exhibiting
an irregular pattern with multiple adhesion peaks. Eventually, the retracting tip
snapped off at a distance between 0.6 — 0.7 uym (Fig. 4.4b, red trace). The
retraction curves for R. erythropolis 20S-E1-c also exhibited long-range attraction
(Fig. 4.4b, green trace), although the snap-off appeared to take place at a shorter
separation compared to A. venetianus RAG-1, after a smooth decrease in the

force.
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Figure 4.4  Typical results from AFM force measurements. Panel (a)
represents the approach curves while panel (b) indicates the retraction
curves. Example of force-distance curves taken on bare substrate (blue
trace), A. venetianus RAG-1 (red trace), and R. erythropolis 20S-E1-c (green
trace) with hydrophobic tips in phosphate buffer.
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The local adhesion forces, measured from the retraction curves for A.
venetianus RAG-1, ranged from 0.10 + 0.03 nN to 1.50 £ 0.09 nN (mean * 1
standard deviation, n = 3, where n represents the number of extension/retraction
force curves measured at the same location). R. erythropolis 20S-E1-c exhibited
much higher adhesion forces, ranging from 0.40 + 0.05 nN to 4.0 £ 0.4 nN. These
error bounds represent standard deviations and indicate the typical repeatability
of force measurements at a single point. In the case of A. venetianus RAG-1, the
local adhesion forces extended up to 620 nm from the cell surface, consistent
with the observed lengths of the pili (Figs. 4.1a and 4.3a).

The magnitude of the adhesion forces and their frequency is displayed in
the adhesion histograms in Fig. 4.5 for A. venetianus RAG-1 (a) and R.
erythropolis 20S-E1-c (b), respectively. With the hydrophobic tip, the mean
adhesion force for A. venetianus RAG-1 was 0.63 + 0.08 nN and for R.
erythropolis 20S-E1-c 1.82 = 0.18 nN. The adhesion forces for A. venetianus
RAG-1 were smaller and more heterogeneous than those measured for R.

erythropolis 20S-E1-c.
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Figure 4.5 Force distribution histogram for A. venetianus RAG-1 (a) and
R. erythropolis 20S-E1-c (b) interacting with the hydrophobic tips in

phosphate buffer, as derived from Figure 4.4.
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Figures 4.6a and 4.6b show the distribution of the adhesion forces at
different x-y positions on the surface of A. venetianus RAG-1 (panel 4.6¢) and R.
erythropolis 20S-E1-c (panel 4.6d), respectively. Panels 4.6a and 4.6b show the
locations where the forces were measured on the surface of the two bacterial
species. In Fig. 4.6a, the surface of A. venetianus RAG-1 shows a random
distribution of the adhesion forces. In contrast, Fig. 4.6b indicates a patterned
distribution of the adhesion forces for R. erythropolis 20S-E1-c, with the highest

forces grouped at one pole of the cell.
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Figure 4.6 (a) Distribution of adhesion forces over A.venetianus RAG-1
surface on a representative cell and the corresponding bacterial image (b)
showing the locations where the forces were measured. (c) Distribution of
adhesion forces over R. erythropolis 20S-E1-c surface on a representative

cell and the corresponding bacterial image (d) showing the locations where
the forces were measured.
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In contrast to the data for hydrophobic tips illustrated in Figure 4.4, the
interactions between the hydrophilic tips and the two microbes, in both approach
and retraction curves, were qualitatively identical to the cell-free control curve in
Fig. 4.4a, blue trace (data shown in the appendix; Figure A3). No measurable
difference was observed between the approaching and retracting traces in these
controls. In general, the force of interaction between the bacterial surface and the
hydrophilic tips always gave a monotonic increase in the repulsive force as the

separation distance was reduced during tip approach.

4.4 Discussion

In this study, high-resolution AFM imaging was performed on A.
venetianus RAG-1 and R. erythropolis 20S-E1-c, two species previously
documented to degrade hydrocarbons, revealing not only the cell surface
morphology but also the ultrastructure of the extracellular appendages under
physiological conditions (Figures 4.1 and 4.2). As revealed by AFM phase image
(Figure 4.1a) and confirmed by TEM negative staining (Figure 4.3a),
A.venetianus RAG-1 is covered with pili of up to 0.7 ym in length and 5 nm in
diameter. The pili are visible when imaging with the hydrophilic tips, but are not
revealed during imaging with the hydrophobic tips. These observations strongly
suggest that the pili are hydrophobic in nature. When the hydrophilic tip
approaches these structures, they remain immobilized on the substrate, and their
positions are recorded by the tip. In contrast, when the hydrophobic tip
approaches these structures, they adhere to the tip and move with it. In this case,
the tip fails to detect the presence of these structures except via the force curves

during retraction (Figure 4.4d).
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Using TEM, A. venetianus RAG-1 was observed by Rosenberg et al. [33]
to produce two major types of pili: abundant thin pili and occasional thick pili with
diameters of 3.5 and 6.5 nm, respectively. The thin pili were a major factor in
adherence to hydrophobic surfaces (hydrocarbon droplets or polystyrene
surfaces), and thus presumably have hydrophobic tips. Only one abundant pilus
type was observed in the current study, having a diameter of 5 nm and likely
corresponding to the thin pili observed by Rosenberg et al.[33]

The amplitude image in Figure 4.1c shows the coverage of A. venetianus
RAG-1 cells by a compact granular film that likely represents capsule. A.
venetianus RAG-1 is a Gram-negative bacterium with a conventional
lipopolysaccharide outer membrane. It produces an extracellular bioemulsifier
(emulsan) that is cell-associated in the early phases of growth but is released
from the cells as they enter stationary phase.[136] Cultures of RAG-1 used in the
current work were grown to stationary phase and washed before analysis, thus
reducing sloughed emulsan and exposing the hydrophilic cell surface and
fimbriae. However, TEM observations and glutaraldehyde fixation confirmed the
existence of a capsule surrounding this bacterial surface (Figure 4.3b), consistent
with observations by Pines et al. [137]

The surface of R. erythropolis 20S-E1-c was devoid of pili (Figure 4.2a),
but a layer consistent with capsule was observed surrounding the cells in TEM
images (Figure 4.3c). The AFM amplitude images also revealed a rough surface
for this bacterium (Figure 4.2b) consistent with the presence of a compact
capsule layer. Whyte et al. [138] observed loosely associated material external to

the Rhodococcus cell surface.
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It is not clear whether this ‘extracellular polymeric substance’ [138] or
‘surface layer’ [139] is hydrophobic, hydrophilic, or amphiphilic, as its chemical
composition appears to change depending upon growth conditions [138] and
between species; [139] both polysaccharide [138] and lipidic [139] materials have
been observed surrounding cells. We have not determined whether the capsule
material observed surrounding R. erythropolis 20S-E1-c in Figure 4.3c (which
appears granular due to fixation and dehydration for TEM) represents
noncovalently bound lipidic amphiphiles or polysaccharide or a combination of
these moieties.

Images of A. venetianus RAG-1 in buffer (Figure 4.1b,c) revealed lines
oriented in the scanning direction (forward scanning) that could represent
extracellular structures pulled off the bacterial cell. This behavior is also apparent
for R. erythropolis 20S-E1-c (Figures 4.2a,b) to a lesser extent. The presence of
some material apparent along the scan direction of an image of an E. coli cell
was also observed by Velegol et al., [92, 140] and it was stated to be an imaging
artifact introduced by the height of bacteria in conjunction with the pyramidal AFM
tip geometry. In contrast, our AFM imaging, performed with both hydrophilic and
hydrophobic tips with virtually identical geometry shows different structures of the
bacteria. While the images obtained using the hydrophobic tips showed a halo-
like extended structure along the forward scan direction, the images using
hydrophilic tips did not show any such structural artifacts, suggesting that the
imaging artifacts were not due to the geometric interaction of the tip with the
substrate.

AFM in the aqueous phosphate buffer phase allowed force
measurements on viable cells of A. venetianus RAG-1 and R. erythropolis 20S-

E1-c. Force-distance curves for the interaction of A. venetianus RAG-1 with the
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hydrophobic tip gave multiple adhesion peaks during retraction (Figure 4.4b, red
trace).

This behavior is consistent with pull-off forces from pili attached to the cell
surface. The irregular pattern of forces upon retraction of the hydrophobic tip
(Figure 4.4) could be caused by two factors: first, multiple pili of different lengths
could attach to the AFM tip at the same time and then pull off sequentially;
second, a single longer pilus could attach to the tip at several points along its
length. Similar retraction curves have been reported in literature for pili of P.
aeruginosa [77] and with adhesive polymers.[141] The range of separation
distances at which these adhesion forces occurred matched the lengths of pili
determined in both phase and electron microscopy images. Although these
distances may appear to be large, widely varying lengths of bacterial pili have
been reported in the literature.[77]

Most of the retraction curves after contact with the surface of R.
erythropolis 20S-E1-c displayed single rupture events accompanied by
pronounced adhesion force peaks (Figure 4b, green trace). These curves are
consistent with interaction of the probe tip with an adhesive capsule. The
presence of a capsule surrounding this bacterium surface was also confirmed by
TEM in Figure 4.3c. The thickness of the capsule cannot be accurately measured
from TEM images due to the highly hydrated polymers, composing bacterial
capsules, which collapse during the dehydration stages of conventional
processing. Consequently, the stabilized capsules are not always representative
of native structure and their dimensions rarely correlate well with those
determined by other methods.[142] In the AFM images, the hydrophobic cell wall
exterior of R. erythropolis 20S-E1-c, imparted by mycolic acids, may be masked

by the presence of the capsule material. Nevertheless, as illustrated in Figure
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4.4b (green trace), the exposed surface was strongly hydrophobic on the basis of
the force interaction with the hydrophobic AFM tip, indicating the presence of
hydrophobic capsular material surrounding this bacterium.

The interaction forces detected between the two bacterial species and the
hydrophobic AFM tips were averaged for each cell into an adhesion force and
compared to the hexadecane-water contact angle measured on bacterial lawns
by Dorobantu et al.[5] A contact angle of 56.4° for A. venetianus RAG-1 was
found to correspond to an adhesion force of 0.63 + 0.08 nN, whereas in the case
of R. erythropolis 20S-E1-c, a contact angle of 152.9° corresponded to an
adhesion force of 1.82 nN. For both bacterial species examined, the contact
angle was proportional to the mean adhesion force on the hydrophobic tip of the
AFM. Although we cannot extrapolate to all other bacterial cells, similar results
were obtained by Pietak et al. [143] using natural polymers and by Vadillo-
Rodriguez et al. [144] with two Lactobacillus strains. Although Vadillo-Rodriguez
et al. [144] reported a correlation between the adhesion force on a hydrophobic
AFM tip and contact angle, the limited amount of data on tip properties in their
report precludes a quantitative comparison to our force measurements.

For both bacterial species, the adhesion force measurements indicated a
patchy surface distribution of interaction forces between the cell surfaces and
functionalized tips (Figure 4.6). Surface heterogeneity was also confirmed during
AFM phase imaging by different levels of phase contrast as shown in Figures
4.1b and 4.2a. The contrast in the phase image implicitly embeds information on
the difference in adhesion properties and is presumably caused by variations in

the dominant surface constituents like proteins and polysaccharides.
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The arrangement of the adhesion forces for R. erythropolis 20S-E1-c
typically showed a patterned distribution with the highest forces grouped at one
pole of the cell (Figure 4.6b), which coincided with the lighter color in the phase
image for this bacterium (Figure 4.2a).

Similar results were observed in measurements on other batches of cells
and the end of the cell displaying high forces was independent of the scanning
direction. This gradient in adhesion suggests a gradient in composition.

The TEM image of these cells suggests one possible reason for this
gradient (Figure 4.3c); as the cells divide, they septate to give two distinct cells
with a continuous external surface. The gradient in adhesion force could indicate
the differing surface composition between newly formed cell surface near the
septum and older cell surface distal to the septum. Many species change cell
surface composition from the exponential growth phase to the stationary phase
[145] which would reflect age-dependent changes in the cell population.

In contrast, A. venetianus RAG-1 showed a random distribution of the
adhesion forces (Figure 4.6a), confirmed by the phase image in Figure 4.1b and
consistent with presence of pili on the surface of the cells. The adhesion force
varied over a wide range (Figure 4.5a), presumably depending on the number of
pili interacting with the AFM tip. Given a relatively uniform but random distribution
of pili, a probe experiment at a random point on the cell surface could interact
with many pili or with few. Consequently, the map of adhesion forces in Figure
4.6a was consistent with the microscopy images of pili surrounding the cells
(Figures 4.1a and 4.3a). The differences in cell surfaces could have significant
implications for cell attachment to hydrophobic surfaces or interfaces such as

crude oil droplets in water.
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The uniform heterogeneity of the surface of A. venetianus RAG-1 would
give no preferred orientation on a surface or interface. The gradient on the
surface of R. erythropolis 20S-E1-c, however, could give a preferred orientation
of attachment of one pole of the cell. As more and more cells attach, the
interactions between the cells could alter the preferred orientation with respect to
the hydrophobic surface.

A logical extension of this study would be to explore the surface
heterogeneities of confluent biofilms associated with hydrophobic surfaces or
interfaces. Biofilm growth can give changes in cell surface properties, and
heterogeneity in the biofilm surface could be very different from the individual
planktonic cells.

Although the individual cells had significant heterogeneities on their
surfaces, we did not observe significant differences among adhesive forces of
individual bacteria within the populations of early stationary phase cells.
Consequently, the cell-average adhesive forces were proportional to the
population averaged results for contact angle. We anticipate that cell populations
in the exponential growth phase could be more heterogeneous, due to the

potential influence of the cell cycle on surface composition.
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5. Analysis of Force Interactions between AFM Tips and Hydrophobic

Bacteria Using DLVO Theory®
5.1 Introduction

Understanding the fundamental adhesion processes between bacteria
and hydrocarbon surfaces is important for many environmental and
bioengineering applications, such as in situ remediation of oil spills or
hydrocarbon processing.[146] The microorganisms attach to the oil/water
interface as a common adaptation for overcoming the poor aqueous solubility of
the petroleum hydrocarbons. Even though extensive research has been done on
bacterial adhesion in the last decade, [5] the fundamental mechanisms governing
this process are still poorly understood and have not been well defined.[6] An
accurate quantification of the physico-chemical properties of bacterial cell
surfaces is essential in order to reach a better understanding of bacterial

adhesion to a surface or interface.

Hydrophobicity and electric charge of the microorganisms are influential
in bacterial adhesion.[10] Hydrophobicity of microbial surfaces has been
commonly inferred from water contact angle measurements on bacterial lawns
deposited on membrane filters [11, 12] or from bacterial adhesion to
hydrocarbons.[12] The electrical properties of microbial surfaces are often
represented by the zeta potential, which is usually determined from their

electrophoretic mobilities.[13] The results of these measurements give an

3 A version of this chapter has been accepted for publication:

Dorobantu, L.S., Bhattacharjee, S., Foght, .M., and Gray, M.R. 2009. Langmuir
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average of the cell surface properties, and do not provide information about the

forces governing the adhesion process at the molecular scale.[14]

Atomic force microscopy (AFM) offers the opportunity to locally probe
molecular forces of hydrated bacterial surfaces by means of force-distance
curves.[16] A force—distance curve records the interaction forces as the AFM tip
approaches the cell surface, makes contact and then retreats from it and can be
exploited to gain insights into a variety of physico-mechanical and physico-

chemical properties of the cell and its surface structures.[147]

The AFM tips most commonly used in force-distance measurements are
made of silicon nitride and lack the chemical diversity that is needed to probe
bacterial surface heterogeneity.[148] In order to overcome this drawback, the
AFM probes have been functionalized with a wide range of molecules or particles
and used for force-distance measurements to determine the type and magnitude
of the interaction forces.[93] One of the methods employed for AFM tip
modification consists of attaching cells to the AFM probes. Bowen et al.[149]
measured the pull-off force between a single yeast cell immobilized on AFM
probes and planar surfaces. This technique provides useful information on
bacterial interactions with different materials, but it cannot be used to probe the
heterogeneity of the cell surface. A similar method consists of attachment of
micrometer-sized spherical particles directly onto the AFM cantilever. This
method gives controlled surface chemistry and geometry, but the use of a large
colloidal probe of micrometer dimension is not an effective solution for mapping
the chemically heterogeneous surface of a bacterial cell because it cannot probe
local interactions on an area a few tens of square nanometers.[19] Another

approach used to modify AFM tips consists of deposition of organosilane layers
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which directly couple to the surface silanol groups of the silicon nitride tips.[150]
This method is not as extensively employed for AFM tip modification due to the
difficulties encountered in controlling the polymerization process and the film

thickness.[150]

The most common and versatile approach is based on the immobilization
of alkanethiol-monolayers onto gold-coated probes by chemisorption of the sulfur
atoms.[151] The thiol-monolayers are stabilized further by the lateral hydrophobic
interactions of the alkyl chains.[152] By derivatizing the surface of the AFM tips
with such well-defined chemical groups terminating with a variety of
functionalities, we can learn more about the local distribution of cell surface
properties such as hydrophobicity across single cells. For example, Alsteens et
al.[152] used methyl-terminated tips to measure local hydrophobic forces on
Mycobacterium bovis. The measured adhesion forces were large (about 3 nN)
and uniformly distributed on the bacterial surface suggesting a highly
hydrophobic surface consistent with the presence of mycolic acids on the

outermost surface.

Owing to their dimensions, bacterial cells in solution may be described as
colloidal particles,[5] and hence the process of microbial adhesion can be
described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal
stability.[112, 153] The DLVO theory estimates the interaction forces between
two surfaces as a sum of the Lifshitz-Van der Waals (LW) and electrostatic
double layer interactions between them. LW forces, which are of relatively long
range, are always present and not very sensitive to solution ionic strength. The
most important parameter determining the LW interaction is the Hamaker

constant, which is a material property and whose value is in most cases rather
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uncertain.[154] For microbial cell surfaces, it is often estimated from contact
angle measurements on bacterial lawns.[155] Electrostatic forces, which are of
long range, are very sensitive to the ionic strength and composition of the liquid
solution in which measurements are performed. Calculation of electrostatic
interactions requires knowledge of the electrostatic surface potential of the

interacting surfaces, which is usually approximated by the zeta potential.

The DLVO theory assumes that the interacting surfaces are perfectly
smooth, with no asperities or surface structures.[19] However, living organisms
such as microbial cells can form specific extracellular structures, and their cell
walls are more complex structurally and chemically than the surface of synthetic
colloidal particles. Therefore, one would expect that the force curves taken on
bacterial surfaces would involve specific biological polymer interactions.[22] As
DLVO theory has only been marginally successful in describing interactions of
biological systems, [119] other forces, including acid-base and steric interactions,
have been considered to account for the discrepancy between measurements

and theory [156] and corresponding enhanced models have been proposed.

Van Oss et al. [122] extended the DLVO model by accounting for the acid-
base interactions, which determine the hydrophobicity (or hydrophilicity) of the
involved surfaces. This approach, generally known as the extended DLVO
(XDLVO) model, has been successful in predicting the interactions between
largely uncharged colloidal entities in aqueous media. The acid-base interactions
can be attractive or repulsive and range up to ca. 5 nm from the surface into the
surroundings.[157] However, in many instances, the extended XDLVO model
failed to describe bacterial adhesion.[158] Discrepancies between the results of

adhesion experiments and calculated extended XDLVO interactions have been
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attributed to interactions between bacterial surface polymers and solid surfaces,

which interfere with the extended XDLVO interactions.[25, 111]

Surface structures such as fimbriae, flagella, [159, 160] and capsules [21]
are believed to be involved in bacterial adhesion to different types of surfaces
and interfaces.[161] The presence and properties of these cell surface

constituents depends on the bacterial species and the growth conditions.[162]

Both Gram-negative and Gram-positive bacteria have been shown to
possess surface layers and appendages which can range in length from short
filaments to rigid or flexible structures up to several times the diameter of the cell.

[81]

The presence of polymeric structures on bacterial cell surfaces has
motivated the introduction of steric forces in addition to the DLVO interactions for
interpretation of AFM force measurements.[23] The steric force arises from
contact between the AFM tip and the extracellular polymeric chains extending
from the microorganism surface into solution; as the AFM probe pushes down on
the cell, the polymers are forced into a more compact spatial arrangement.[19]
These steric interactions can be attractive or repulsive. Steric repulsion has been
observed to arise from the higher affinity of the bacterial surface polymers for the
interacting medium than for the solid surface (e.g., the AFM probe tip).[163]
Polymer attraction has been proposed to occur when the bacterial surface
polymers have a higher affinity for the solid surface than for the liquid medium
and are sufficiently long to bridge the distance from the non-adhered cell to the
solid surface.[163] In general, polymer bridging is observed for solids and

microbes that are both hydrophobic.[114]
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In this study, we analyzed the AFM force-distance data acquired during
approach of AFM tips to bacterial surfaces. The interactions were measured
between each of two bacterial strains possessing different surface hydrophobicity
and chemically functionalized AFM tips, terminating in hydrophobic or hydrophilic
groups. The experimental force-distance curves were compared with predictions
based on classical DLVO theory and two extended DLVO models incorporating
acid-base and steric interactions. The fitting parameters from the extended DLVO
models were used to define the component of the force curves between AFM tips
and bacteria that could not be explained by LW and electrostatic double layer

mechanisms.

5.2 Mathematical Modeling

To help explain the force measurements, the classical DLVO model and
two variations of the extended DLVO (denoted by XDLVO and EDLVO) model
were employed. The XDLVO model accounts for acid-base interactions between
the microorganisms and the chemically modified AFM probes, whereas the
EDLVO model combines the effects of the acid-base and long-range steric
interactions into a bi-exponential semi-empirical force form. These models were
each considered for their ability to predict the experimental force measurements.
Using nonlinear regression software OriginPro 7.5 (OriginLab Corporation,
Northampton, MA, USA), the models were fitted to the recorded AFM approach

curves.
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5.2.1 Determination of Hamaker Constant

The contact angle of an apolar fluid on a substrate (here, the microbial
lawn) provides its apolar surface tension component, 5. The apolar surface
tension component is related to the Hamaker constant of the microbial surface by

equation 2.7 in Chapter 2 .[119]

The VSLW surface tension component of the microbial cells, used in
equation 2.7, can be obtained through contact angle measurements using the
van Oss—Chaudhury—Good equation [106] adapted for the case of apolar liquid

(y"'=y=0 mJ.m?),

1+cos@ J, =2y " 5.1
( )L ( s /L )

where 6 is the contact angle, v, is the total surface tension of the liquid, y*" is the
Lifshitz-van der Waals (LW), or apolar surface tension component of material (J),

and the subscripts S and L refer to the bacterial and liquid phases, respectively.
5.2.2 DLVO Model

The AFM tip was modeled as a sphere with a radius of 40 nm, whereas
the bacterial surface was assumed to be planar. The system geometry was
modeled as a sphere interacting with a flat plate. The total DLVO interaction force
(F;) between the two interacting substrates was calculated as the sum of Lifshitz-

van der Waals and electrostatic interactions,
Ft = FLW + Fe 5.2

where F; is the electrostatic force and F, is the interaction force due to Lifshitz-

van der Waals forces.
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The expression for the nonretarded van der Waals force between a
sphere and an infinite planar surface, based on Hamaker's approach and

Derjaguin’s approximation used in this study, is given by [110]

As, a a 2a
F= —132|_ % 5.3
- 6{ h’ m+2®2+hm+2@}

where A;3, is the effective Hamaker constant of interaction between the bacteria
(1) and the tip material (2) in phosphate buffer medium (3), a is the radius of the
AFM tip, and h is the surface-to-surface distance between the substrate and the

AFM tip.

The effective Hamaker constant for the system is related to the Hamaker
constants of the individual components of the system by equation 2.5 in Chapter

2.

When two charged surfaces approach each other in an electrolyte
solution, their diffuse double layers overlap, resulting in the electrostatic double
layer interaction. Assuming constant surface potential on the substrates, the well-
known Hogg, Healy, and Fuerstenau (HHF) [109] expression for the electrostatic

force is used in fitting the data:

2 2
F = 4z, (Ka{k_Tj v, exp(— Kah) B (‘I’I -, ) y exp(— 2Kah) 5.4
ze l+exp(-xah) 2¥¥,  1—exp(-2«ah)
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In the above formula, W; and Ws are the scaled surface potentials
(W =zey /KT ) of the tip and the substrate, respectively, h is the separation
distance between the two substrates, and « is the inverse Debye length, given by

the equation 2.2 in Chapter 2.

5.2.3 Extended DLVO Models

The approach part of a force distance curve was fitted to the sum of
DLVO and an exponentially decaying function in which F, is the force at the
minimum equilibrium cut-off separation distance /y, and A is the characteristic
decay length (separation distance over which F decays from F, to Fole).
According to the XDLVO model,[113] this newly added force is of acid-base

nature.

Fyowvo = Fowvo + Foexp(=h/2) 3.5

A bi-exponential term extension to the classical DLVO theory was
formulated for the microbial surfaces covered by extracellular structures of

different length. This can be represented mathematically by

Feowvo = Fowvo + Fui exp(=h/ 4,;)) + F, exp(=h/ 4,,) 5.6

To distinguish this model from the conventional XDLVO theory, we denote
the force obtained using this model as EDLVO. Here, Fy; and A, represent the
contact value of the force and the decay length of the shorter range force, and
Fro and A4, represent the corresponding parameters for the longer range force. It

is evident that the shorter range exponential force in Eq. 5.6 can also be
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represented as the acid-base force from the XDLVO model. Thus, Eq. 5.6 may
either represent a combination of an acid-base and a long range force or other

types of short and long ranged exponential forces.

5.2.4 Steric Model

A model developed for grafted polymers at relatively high surface
coverage was used to model steric interactions between the AFM tip and
bacterial extracellular structures. The interaction force between two parallel flat
surfaces, Fs;, only one of which is coated with polymer, has been modeled
following the work of Alexander [123] and de Gennes.[164] This model was
modified by Butt et al. [125] to describe the forces between a spherical AFM tip
and a flat surface by integrating the force per unit area over the tip surface, to

produce the interaction force given by equation 2.8 in Chapter 2.

For all the calculations, the tip radius was assumed to be 40 nm. Lo and I'
serve as fitting parameters for the model. Note that Eq. 2.8 represents an
exponentially decaying force, which can be represented by either exponential

decay terms of Eq. 5.6.
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5.3 Physicochemical Surface Properties Used for DLVO Interaction

Calculations

The results of zeta potential measurements ¢ are shown in Figures A.4
and A.5 in the Appendix as a function of ionic strength. They agree closely with
results from Jones et al.[165] who concluded that the electrophoretic behavior of
C. albicans in solution can be approximated by a simple colloidal suspension.

The zeta potential measurements recorded in 0.1M phosphate buffer
showed that R. erythropolis 20S-E1-c is more electrostatically negative than A.
venetianus RAG-1 (Table 5.1). These results are consistent with other studies
which give values in the range -10 mV to -50 mV for the zeta potential of

microbial cells at neutral pH.[13]
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Table 5.1 Summary
calculations.

of parameters

used for DLVO interaction

O diiodomethane Hamaker
Substrate Zeta
potential (©) constant
(mV, n=3) (Jx10%”
A. venetianus RAG-1 -13.7+0.4 30+ 1 8.18
R. erythropolis 20S-El-c -323+23 NA NA
C;s thiol -24[131] 55+1.1 6.06
C11-OH thiol -64[131] 31+19 7.97

NA, value could not be estimated, nor obtained from the literature
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The contact angle values were measured with diiodomethane on different
substrates and used to calculate the individual Hamaker constants (Table 5.1)
from the apolar surface tension component (y*" in Eq. 2.7). A.venetianus RAG-1
had an average contact angle of 30° £ 1.2 and a Hamaker constant of 8.18 &
0.12x10%° J, in good agreement with reported values of similar bacterial
strains.[24] The contact angle and Hamaker constant of R. erythropolis 20S-E1-c
could not be experimentally determined because the diiodomethane spread on

its surface.

The contact angle of diiodimethane on the hydrophilic modified substrate
was 31° £ 1.9, yielding a Hamaker constant of 7.97 + 0.03x10%° J, whereas the
contact angle measured on the hydrophobic modified substrate had a value of
55° + 1.1 and a Hamaker constant of 6.06 + 0.07x10?%° J. The values of the
contact angle measured on these thiol-derivatized surfaces are in good

agreement with literature values.[129]

The individual Hamaker constants were used to calculate the effective
Hamaker constants for the different systems according to Eq. 2.5. A value of
2.90x10%" J was obtained for the combination A. venetianus RAG-1-water-
C17CHs and 5.71x102" J for the A. venetianus RAG-1-water-C,;OH system. The
systems comprising R. erythropolis 20S-E1-c-water-C4;CH3; and R. erythropolis
20S-E1-c-water-C11OH were modeled using two different Hamaker constants
with values of 3x10?" and 6x10%'; to demonstrate that the model performance
was insensitive to the exact value. These values of the Hamaker constant for the

bacterial systems are in good agreement with literature values.[166]
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5.4 Modeling of the AFM Approach Curves

We always observed continuous, monotonically increasing repulsive
forces during the approach of the modified AFM probes to the two bacterial
surfaces. The force curves for interaction of A. venetianus RAG-1 with both the
hydrophilic and hydrophobic modified probes showed distinct repulsive profiles
(Figures 5.1a and 5.1b, red circles). Measurable forces were recorded at
distances as large as 50 nm from the cell surface for the case of the hydrophobic
AFM tip and reached a magnitude of approximately 0.6 nN at the cell surface
(Figure 5.1a, red circles). The interaction of the bacterium with the hydrophilic tip
began at 10 nm from the cell surface and reached a magnitude of about 0.5 nN

at the cell surface (Fig. 5.1b, red circles).

The interaction forces between R.erythropolis 20S-E1-c and the
hydrophobic or hydrophilic AFM tips were of comparable magnitude and of
shorter range than observed with A. venetianus RAG-1. With the hydrophobic
AFM tip (Figure 5.1c, red circles), interactions began at 15 nm from the cell
surface and reached a magnitude of approximately 0.45 nN at the cell surface,
whereas R.erythropolis 20S-E1-c interacting with the hydrophilic AFM tip (Figure
5.1d, red circles) gave interactions starting at 5 nm from the cell surface and

reaching a magnitude of 0.4 nN at the cell surface.
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Figure 5.1 Modeling of the approach curves for A. venetianus RAG-1
and R.erythropolis 20S-E1-c interacting with the hydrophobic (a and c) or
the hydrophilic (b and d) AFM probes in 0.1M PBS. Data points are in red;
dashed line represents classical DLVO theory (Eq. 5.2) and blue line the
fitting of the extended XDLVO theory (Eq. 5.5). The resulting model
parameters are shown in Table 5.2.

94



5.4.1 Glass Interaction with the Gold AFM Tip in 0.001M KCI Solution

In order to test the application of the DLVO theory to the AFM force
distance curves, we modeled the interaction between the unmodified AFM tip
(gold) and bare glass slides in 0.001M KCI solution. The surface potential of the
glass substrate was taken from the literature as -30 mV at the experimental
pH.[105] The Hamaker constant for the system was computed from the Hamaker
constants of the individual components, which were taken from literature, giving a
value of 2.5x10?° J.[105] The results of the simulation are shown in Figure 5.2,
using the potential of the gold surface as the only fitting parameter for the
system. The Debye length was computed independently using Eq. 2.2. A good
agreement between the DLVO model and AFM force curve for the control system

can be observed in the following figure.
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Figure 5.2  Approach curve between unmodified AFM probe and cleaned
glass surface in 0.001M KCI solution (Debye length of 0.96x107).
Interactions begin at 20 nm from the glass surface and are repulsive in
nature. The blue line is from DLVO theory (Eq. 5.2) with a zeta potential of -
50 mV for the gold surface and -30mV for the glass surface.
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5.4.2 Modeling of Interactions between Bacteria and Modified AFM Tips in

0.1M Phosphate Buffer

The predictions of the DLVO theory, Eq. 5.2, for all the four bacteria-AFM
tip interaction combinations deviated considerably from the experimental
measurements. The DLVO theory predicted attraction for the interaction of A.
venetianus RAG-1 and R. erythropolis 20S-E1-c with the hydrophobic AFM probe
(Figures 5.1a and 5.1c, dashed line) whereas the experimental force curve
showed long range repulsion for both systems (Figures 5.1a and 5.1c, red
circles). In the case of A. venetianus RAG-1 and R. erythropolis 20S-E1-c
interacting with the hydrophilic AFM probe (Figures 5.1b and 5.1d, dashed line),
the classical DLVO theory predicts a much lower and a shorter ranged repulsive

interaction than the experimental observations.

Figure 5.1 also superimposes the fitted XDLVO interaction force (Eq. 5.5,
blue line) on the experimental force distance approach curves in all four cases. It
is evident that incorporation of a short range acid-base repulsive interaction can
lead to very good fits to the approach curves for both microbes interacting with
the hydrophilic AFM tip (Figures 5.1b and 5.1d, blue line). The corresponding fits
of the XDLVO model to the experimental force-distance curves for the interaction
of the bacteria with hydrophobic tips are not as promising. Whereas the extended
DLVO model provided good agreement with the experimental data for the
interaction of R. erythropolis 20S-E1-c with the hydrophobic AFM tip, it showed
poor agreement with the experimental data for A. venetianus RAG-1 interacting
with the hydrophobic tip. While the acid-base interaction improves the agreement
between the theory and experiment, there are qualitative discrepancies between

the XDLVO and the experimental force profiles. In Figure 5.1a, the experimental
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decay behavior is not adequately captured by the XDLVO model, and the

interaction force at contact was smaller than the experimental values.

We next show the fitting of the experimental force distance data for A.
venetianus RAG-1 interacting with the hydrophobic tips to the EDLVO model,
which comprises a bi-exponential term added to the classical DLVO theory (Eq.
5.6). The model comprising the bi-exponential term (Eq. 5.6) provides a good
fitting for A. venetianus RAG-1 interacting with the hydrophobic AFM probe
indicating long range repulsion followed by short range repulsion (Figure 5.3).
The parameters obtained from fitting the interaction curve between A.venetianus
RAG-1 and the hydrophilic tip (Fs and A,) were used to investigate the potential

interaction mechanisms between A. venetianus RAG-1 and the hydrophobic tip.
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Figure 5.3 Modeling of the approach curves for A. venetianus RAG-1
interacting with the hydrophobic AFM probe. Data points are in red; the
dashed line represents classical DLVO theory (Eq. 5.2), the blue line shows
the fitting of Eq. 5.6 which comprises a bi-exponential term and the green
line emphasizes the fitting of the XDLVO theory accounting for A.
venetianus RAG-1 interacting with the hydrophilic AFM probe (Eq. 5.5). In
Eq. 5.6, F,; and A, represent the fitting parameters obtained through
modeling the interaction of A. venetianus RAG-1 with the hydrophilic AFM
probe and were inserted as known values when modeling A. venetianus
RAG-1 interaction with the hydrophobic AFM probe. F;, and A,, are the
unknowns of the bi-exponential model.
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5.4.3 Significance of the Parameters Obtained from the Extended DLVO

Fitting to the Steric Model

The parameters obtained from the fitting of XDLVO theory (Eq. 5.5) to the
approach force curves for the interaction of A. venetianus RAG-1 and R.
erythropolis 20S-E1-c with both hydrophobic and hydrophilic coated AFM tips are
presented in Table 5.2. The force at zero separation distance (Fy) varies in the
narrow range from 0.39 nN to 0.55 nN for the four cases. Whereas the decay
length for the interaction of A. venetianus RAG-1 with the hydrophobic AFM
probe has a value of 11.64 nm, the other interactions of the microbes with both
hydrophilic and hydrophobic AFM probes give a decay length of approximately 2

nm.

In order to determine the significance of the additional exponential term in
the XDLVO model, we evaluated the polymer brush thickness (L) and the
grafted polymer density (I') from the steric model using the values of the force at
zero separation distance (Fy) and the decay length (A) in Table 5.2. Whereas the
polymer layer thickness (L, = 21A) for the interaction of A. venetianus RAG-1
with the hydrophobic AFM probe showed a thickness of 73 nm, all the other
combinations of bacteria and AFM probes resulted in comparable values for the
polymer layer thickness in the range 12 to 15 nm. A. venetianus RAG-1 had the

lowest grafting polymer density (') when measured with the hydrophobic AFM tip
(0.94x10-"® m™); all the other tip-bacterium combinations gave a grafting polymer

density of approximately 2.5x10""® m?. The interaction of A. venetianus RAG-1
with the hydrophobic AFM probe was characterized by a longer polymer brush
with a low grafting density, in contrast to all the other interactions which

suggested short brushes of much higher density.
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When the interaction of A. venetianus RAG-1 with the hydrophobic AFM
tip was modeled using EDLVO theory (Eq. 5.6), the force at zero separation
distance (Fp,) had a value of 0.57 nN and the decay length (An,) was 19 nm. The
polymer layer thickness (Ly) showed a value of 119 nm and the grafting polymer

density (") was 0.47x107'® m™.
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Table 5.2 Summary of quantitative data resulted from fitting the XDLVO
theory to the experimental AFM force curve (approach) for A. venetianus
RAG-1 and R. erythropolis 20S-E1-c interacting with both hydrophobic and
hydrophilic AFM tips. These data include the force at zero separation
distance (Fo) and the decay length (A). The equilibrium polymer length (L)
and polymer grafting density (I') were calculated from F, and A using Eq.
2.8.

AFM
Bacterial Fo A Lo r
tip
strain (nN) (nm) (nm) (m?x10'%)
coating

Avenetianus | €17CHs | 0.55+£0.01 | 11.6+0.5 | 73.1+0.9 | 0.94+0.12

RAG-1 CLOH | 0484006 | 21203 | 135422 | 2.65=0.13

R.erythropolis C7CH; | 0.41£0.02 | 25+0.2 | 15.7+0.2 | 2.12+0.14

208-El-c mC OH [ 039+0.07 | 1.9+03 | 12.0+2.4 | 249+0.16
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5.5 Discussion

A Gram positive and a Gram negative environmental isolate, possessing
different degrees of hydrophobicity and previously documented to degrade
hydrocarbons,[126, 128] were selected to investigate the connection between the
hydrophobic nature of their surfaces and the attachment to AFM tips presenting
different surface chemistry. AFM was used as our investigation tool since it can
simultaneously provide information on local surface properties and interaction
forces. Modeling of the AFM approach force curves for A. venetianus RAG-1 and
R. erythropolis 20S-E1-c can give quantitative information on forces to aid our

understanding of bacterial adhesion.

The macroscopic measurements of zeta potential of the bacteria (Table
5.1) were in good agreement with the water contact angle results previously
measured by Dorobantu et al.[11] The highly hydrophobic surface of R.
erythropolis 20S-E1-c (6 =153°) had the most negative surface charge whereas
the intermediate hydrophobicity surface of A. venetianus RAG-1 (© = 56°) had a
less negative surface charge. These observations suggest that high
hydrophobicity cells have high negative electrostatic potentials and are consistent
with observations by van Loosdrecht et al.[167] The net negative charge present
on the two bacterial strains investigated here may have originated from the
lipopolysaccharides of the Gram-negative cell envelope and/or acidic functional
groups on the proteins of the pili of the Acinetobacter cells [4, 82], and the

mycolic acids of the acid-fast Rhodococcus cell surface.[82, 129]

DLVO force predictions suggested attraction at short separation distance

for interaction of R. erythropolis 20S-E1-c and A. venetianus RAG-1 with the
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hydrophobic AFM probes (Figures 5.1a and 5.1c, dashed line). This attraction
was not observed experimentally (Figures 5.1a and 5.1c, red circles); instead a
strong repulsion was recorded. Other interactions, such as steric forces, masked
any attraction in the AFM approach curves when the two microorganisms were

interacting with the hydrophobic probe.

DLVO theory provided poor agreement with experimental observations for
R. erythropolis 20S-E1-c and A. venetianus RAG-1 interaction with the
hydrophilic AFM probes. In this case, we suspected that other interactions such
as hydration forces associated with the presence of a biopolymeric-rich coat
around the cell surface or steric forces may be responsible for the behavior
observed in the experimental curves. Therefore, the extended DLVO models

were further considered.

An extended XDLVO model, comprising an exponential term in addition to
the Lifshitz-Van der Waals and electrostatic forces, was added for the interaction
of A. venetianus RAG-1 and R. erythropolis 20S-E1-c with the hydrophilic AFM
tip. In this case the model fitted the experimental data (Fig. 1b and 1d, blue line)
with a decay length of 2.1 nm for A. venetianus RAG-1 cells and 1.9 nm for R.
erythropolis 20S-E1-c (Table 5.2). These large decay lengths suggest that steric
repulsion and not acid-base type interactions, which should range up to 0.6 nm
from the cell surface into the surrounding medium,[168] are involved in the
interaction of A. venetianus RAG-1 and R. erythropolis 20S-E1-c with the
hydrophilic AFM tip.[25, 111] Camesano and Logan [114] modeled the AFM
approach curves between Pseudomonas putida KT2442 and Burkholderia
cepacia G4, and unmodified silicon nitride AFM tips in MOPS buffer. They fitted

the force curves to the classic DLVO theory and to the steric model separately.

104



Whereas the experimental approach forces were much larger in magnitude and
extended over longer distances than predicted by the DLVO theory, they were

represented well by the steric repulsion model.

When R. erythropolis 20S-E1-c interacts with the hydrophobic AFM tip,
XDLVO theory provides good agreement with the experimental force curve. The
surface of R. erythropolis 20S-E1-c is devoid of pili as reported by Dorobantu et
al.[11], but a layer consistent with a capsule can be observed surrounding these
cells in TEM images. Whyte et al.[138] also observed loosely associated material
external to the Rhodococcus cell surface. The force F, at contact for R.
erythropolis 20S-E1-c interacting with the hydrophobic AFM tip is larger than that
for the interaction of R. erythropolis 20S-E1-c with the hydrophilic tip, 0.41 nN vs
0.39 nN (Table 5.2), suggesting that hydrophobic interactions are not present in

this case.

For the case of A. venetianus RAG-1 interacting with the hydrophobic
AFM tip, XDLVO theory provided poor agreement with the experimental curve
(Figure 5.3). Therefore, an EDLVO model, which accounts for polymeric
structures of different length on the bacterial surface, was considered (Eq. 5.6).
The theoretical curve obtained in this case had an inflection point at a separation
distance of about 5 nm from the bacterial surface (Figure 5.3), suggesting the
possibility that two polymer layers of different length may be involved in the
interaction. This observation is consistent with the work of Dorobantu et al.[4] that
describes the presence of pili and capsule surrounding A. venetianus RAG-1
cells. These extracellular structures were visible during AFM phase imaging with
the hydrophobic AFM probe. Moreover, Rosenberg et al.[33] observed in TEM

images that A. venetianus RAG-1 surface was covered by two major types of pili:
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abundant thin pili and occasional thick pili with diameters of 3.5 and 6.5 nm,
respectively. The thin pili played a major role in adherence to hydrophobic
surfaces (hydrocarbon droplets or polystyrene surfaces), and thus presumably
have hydrophobic tips. The existence of a capsule surrounding this bacterium

was also emphasized by Pines et al.[137]

When A. venetianus RAG-1 surface was approached by the hydrophobic
tip, long range repulsion was first observed in the force-distance curve (Figure
5.3, blue line), which is consistent with the compression of pili. This first step is
characterized by a decay length of 18.9 nm. As the tip came into closer contact
with the cell, the compression of the exopolymeric capsule was consistent with a
decay length of 2.13 nm (Table 5.2). The force F, at contact between A.
venetianus RAG-1 and the hydrophobic AFM tip was larger than that detected for
A. venetianus RAG-1 interaction with the hydrophilic AFM tip suggesting that

hydrophobic forces were not involved in this case (Table 5.2).

The experimental values of the interaction forces of both bacteria at the
point of contact with the hydrophobic tips (i.e. a tip separation distance of zero in
Figure 5.1) were larger than those with the hydrophilic tips. If acid-base
interactions were dominant as incorporated in the XDLVO model, then this result
implies that the acid base interaction free energy per unit area at contact
between the bacteria and the hydrophobic tips must be more repulsive than that
of the bacteria and the hydrophilic tips. This implication seems to be
fundamentally incorrect and inconsistent with the measured contact angles and
the estimated interfacial tension parameters of these substrates. In particular,
hydrophobic attraction between the bacteria and the hydrophobic AFM tips

should imply a negative acid-base free energy of adhesion, which is clearly not
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evident in the experimental plots (Figures 5.1a and 5.1c). As a result,
hydrophobic forces are not involved in the interaction of A. venetianus RAG-1

and R. erythropolis 20S-E1-c with the hydrophobic AFM tip.

Bridging forces likely played an important role in the interaction of both
bacteria with the hydrophobic AFM probe. The considerable strength of the
bridging interactions leading to an irreversible bacterial adhesion has been
suggested to originate from the formation of polymer bridges.[119] As described
by Jucker et al., the bridging facilitates irreversible adhesion due to strong short-
range interactions such as hydrogen bonds between the polymers and the
substrates.[25] Van Oss has suggested that the hydrophobic groups associated
with bacterial surface appendages have the ability to remove the vicinal water
film by dehydration, resulting in small areas of direct contact between protuberant
parts of the cell surface and the substratum.[119] Jucker et al.[111] showed that
polymers that are long enough to bridge the distance between cells and the

surface may cause adhesion even when the cells do not experience attraction.

The schematic in Figure 5.4 depicts the interaction between a thiol
modified AFM tip and a microbial surface featuring extracellular structures. When
the surface of A. venetianus RAG-1 was approached by the hydrophobic AFM
tip, the pili, which may be hydrophobic in nature, adhered to the AFM tip [4] and
were compressed as the tip came into closer contact with the cell surface (Figure
5.4). At smaller separation distance, the compression of the exopolymeric
capsule occurred. As the hydrophobic AFM tip approached R. erythropolis 20S-
E1-c surface, the polymer brush compressed (Figure 5.4). As the tip came in
closer contact with the cell wall, the hydrophobic mycolic acids interacted with the

tip leading to irreversible adhesion.
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Figure 5.4 Schematic representation (not to scale) of the interaction
between an adhering cell possessing exopolymeric capsule and pili, and
the thiol coated AFM probe. The thiol layer ranges from 1 to 3 nm in length.

108



The AFM force distance measurements were conducted under dynamic
conditions in a liquid medium. Consequently, the measured forces should not be
considered identical to the DLVO force. In a kinematic situation, where the tip is
approaching the substrate at a constant speed, the total resistive force on the
probe includes at least a combination of hydrodynamic and colloidal repulsive
forces. The hydrodynamic repulsion certainly becomes the dominant repulsive
force felt by the tip during the final nanometer of approach. For this reason, we
conducted the DLVO fittings using force data obtained for separation distances

above 1 nm.

The retraction curves showed in every case that once the tip was forced
into contact with the substrate, there was always an attraction.[4] Despite the
importance of bacterial extracellular structures in influencing adhesion and the
fact that these biopolymers can lead to steric repulsion, the presence of steric
interactions does not prevent the attachment of bacteria to surfaces and
interfaces. Bridging interactions are of particular importance in modeling the AFM
approach curves because they are believed to be one of the driving forces for the
adhesion of microbes to the oil/water interface for bioremediation and
bioprocesses. This study represents a step forward in predicting cell association
with hydrophobic pollutants, because the forces as the bacteria approach the oil

water interface can be predicted on the basis of the presented results.

In this study, we examined two microbes exhibiting different surface
hydrophobicity and characterized their interactions with hydrophobic and
hydrophilic terminating AFM probes. Although modeling the interactions using
DLVO theory of colloid stability usually leads to a quantitative framework for the

interpretation of the AFM results, it was insufficient to explain our results.
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The interaction forces presented in Fig. 5.1 and Fig. 5.3 demonstrate the
importance of steric repulsion in addition to traditional DLVO interactions when

characterizing microbial cells possessing extracellular structures.

Based on the theoretical predictions, the observed distance at which the
repulsive forces become effective, and the forces at contact, we conclude that
force-distance curves for approach can be described in terms of the extended
XDLVO and EDLVO theories accounting for steric/bridging interactions in the
case of bacteria possessing extracellular appendages. Our results emphasize
that bacterial adhesion is indeed strongly influenced by the presence of

extracellular structures.
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6. IMPLICATIONS OF THE CURRENT STUDY

This study enables the estimation of the bacterial positioning at the
oil/water interface from both a macroscopic and a microscopic point of view.
Knowledge of the distance at which microorganisms reside from the oil/water
interface has importance in bioprocesses where the hydrocarbon flux towards
microbial cells can be optimized by minimizing the resistance to mass transfer.
The results of this research allow us to identify the most desirable bacterial
surface properties to enhance the rate of transport of hydrophobic species to the
cell.

As previously described [11], both bacteria from this study attach readily
to the oil/water interface. A. venetianus RAG-1 cells, characterized by a contact
angle 6 of 56°, are found partially immersed in the oil or totally in the water
phase. Marshall mentioned in his book that regardless of the presence or
absence of capsular material, non-acid-fast bacteria such as A. venetianus RAG-
1 remained in the aqueous phase.[115] R. erythropolis 20S-E1-c cells, whose
contact angle 6 has a value of 152°, can be found at the interface almost entirely
immersed in the oil phase, and also completely immersed in the oil phase. In the
case of acid-fast bacteria such as R. erythropolis 20S-E1-c they can readily pass
through the interface into the oil phase with only small numbers remaining at the
interface.[115]

We expect a bacterium at the oil-water interface to have two characteristic
dimensions that are significant for mass transfer. Assuming that the bacteria
attach along their long axis [169], then one length scale is the fraction of the
bacterium cross section that lies within the oil phase. The macroscopic analysis,

based on contact angle measurements, allows the computation of the bacterial
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height immersed in oil or water and the extent of deformation of the interface by

the bacterium as shown in Figure 6.1.

heightimmersed in oil

interface deformation

Figure 6.1 Schematic showing the deformation of the interface z
and particle height immersed in the oil phase z,. The bacterium
radius r has a value of 5.50 x 10" m.
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The second length scale is the distance from the oil phase to the cell wall,
3, which is determined by the mechanical properties of the material on the cell
surface. This distance will be related to the forces determined by AFM approach
and retraction curves. Based on these dimensions, a model for diffusion across
the external layer of thickness & can be used to obtain the maximum hydrocarbon

flux towards the microbial cell.

6.1 Bacterial Positioning at the Oil/Water Interface

We approach this question by first measuring the three phase contact
angle on bacterial lawns of A. venetianus RAG-1 and R. erythropolis 20S-E1-c.
The contact angle is the parameter that determines the position of a particle at
the interface, and the fraction that will be immersed. For setting up a simple force
analysis, we approximated the bacterium as a spherical particle with radius r in
mechanical equilibrium at the oil/water interface.

R. erythropolis 20S-E1-c, which has a 6 of 152°, resides mostly in the oil
phase as shown in Figure 6.2. Far from the bacterium, the oil/water interface is
flat and leveled at z = 0; the z-axis points upwards (against gravity) normal to the
flat liquid interface. The three-phase contact line describes a circle with radius r;
and is located at a distance z; below the zero level, while its position with respect
to the bacterium centre is measured by the angle ¢, hence r; = rsing.

There are three forces involved in determining the equilibrium position at
the oil/water interface; the particle weight acting downwards (mg), the vertical
capillary force F, due to the vertical component of the oil/water interfacial tension,
and the vertical resultant of the hydrostatic pressure distribution around the entire

bacterium F, acting also upwards.
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In the case of R. erythropolis 20S-E1-c, F, acts upwards and the force balance is

represented by the following equation:
F,+F,=mg 6.1
The vertical component of the capillary force is given by equation 6.2:

F, =-2ary,, sin gosin(gp + 0) 6.2

e

The vertical resultant of the hydrostatic pressure distribution around the entire
microbial cell can be obtained by integrating the hydrostatic pressure distribution

around the cell.[178] The result can be written in the form:

Fo = 2uVow 9 + 0.V 0 — (pw P )gZiAi 6.3

3 3 3
ar (2 3cos@ +cos (p) and V,, :4721’ Ry

3 3 ,w are the volumes of

where V,, =

the bacterium immersed in water and in oil, respectively and A = z(rsing)’is

poéat’
T

the area of the contact line circle. The mass of the bacterium is m =

Substituting equations 6.2 and 6.3 into 6.1 allows the computation of z; by
performing a sensitivity analysis on ¢. The obtained value of z;is 8.83 x 10" m
for ¢ = 28° and the resulting zo= 8.78 x 10 m, which, in this case, represents the
bacterium height immersed in water. The interface deformation, z, is negligible

due to the low weight of the bacterial cells.
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Figure 6.2  R. erythropolis 20S-E1-c assumed to be spherical with radius

r and contact angle 0 in equilibrium at the oil/water interface leveled at z=0
far from the microorganism. The three-phase contact line with radius r; is
depressed at depth z; below the zero level. The bacterium radius r equals
7.50 x 107 m. Adapted from reference [179].
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A. venetianus RAG-1, which has a 6 of 56°, resides mostly in the water
phase (Figure 6.3). The three-phase contact line describes a circle with radius r;
and is located at a distance z; above the zero level, its position with respect to the
bacterium centre is measured by the angle ¢, hence r; = rsing.

In the case of A. venetianus RAG-1, F, acts downwards and the force

balance is given by the following equation:

Fp =mg + FV 6.4

The obtained value of zjis 9.02 x 10" mfor a @ = 55.99° and the resulting
Zp =2.42 x 107 m which in this case represents bacterium height immersed in oil.
The knowledge of the bacterium height immersed in the oil phase allows the
calculation of the microbial interfacial area that resides in the hydrocarbon and

through which the mass transfer takes place.
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Figure 6.3 A. venetianus RAG-1 assumed to be spherical with radius r
and contact angle 6 in equilibrium at the oil/water interface leveled at z =0
far from the microorganism. The three-phase contact line with radius r; is
depressed at depth z; above the zero level. The bacterium radius r equals

5.50 x 10" m. Adapted from reference [179].
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6.2 Separation of Bacteria from the Oil/Water Interface Revealed by AFM

Experiments

The AFM force-distance curves give us the opportunity to estimate the
thickness of the extracellular water layer, &, surrounding the two bacterial species
investigated in this study.

The approach and retraction AFM force curves allow the calculation of
two bounding values for 8. The lower bound was estimated from the AFM
approach force curve as the point where the repulsive force starts to increase in
magnitude. In order to find the upper bound for &, the AFM retraction force-
distance curve was converted into energy versus distance. This transformation

was done based on the well known relationship between energy and force,
U =—[Fdx 6.5

and by performing numerical integration of the force-distance curve using the
trapezoidal rule. The points of equilibrium were read from the graph and used as
the upper bound for o.

In the case of A. venetianus RAG-1, the lower limit of & was set at 0.05
Mm based on the data shown in Figure 6.3. At smaller separation distances, the
repulsive force increases, which will tend to push the interface further away from

the cell wall.
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Figure 6.4 Representative A. venetianus RAG-1 approach curve used to
set the lower limit for &.
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Figure 6.5 Representative A. venetianus RAG-1 retraction curve used for
conversion into energy.
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Figure 6.6 Energy versus separation distance for A. venetianus RAG-1,
calculated from the data of Figure 6.5 using equation 6.5.
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In Figure 6.6, the first energy minimum occurs at a separation distance of
0.1 um, therefore we set up the upper limit of & in the case of A. venetianus
RAG-1 to be 0.1 uym. Even though other energy minima were present at
distances between 0.5 to 0.8 ym, they were not included in our calculations.
These minima reflect the longer-range interactions of the AFM tip with the

fimbriae attached to the cell and extending out into the liquid medium.
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Figure 6.7 Representative approach force curve for R. erythropolis 20S-
E1-c used to determine the lower bound for 6.
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In the case of R. erythropolis 20S-E1-c, the lower limit of  was set at

0.01 uym based on the data of Figure 6.7.
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Figure 6.8 Representative retraction force curve for R. erythropolis 20S-
E1-c used for conversion into energy.
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Figure 6.9 Energy versus distance curve for R. erythropolis 20S-E1-c
from the data Figure 6.8 and equation 6.5.
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In Figure 6.9, the energy minimum occurs at 0.25 uym, therefore we set up the

upper limit of & in the case of R. erythropolis 20S-E1-c to be 0.25 pym.

6.3 Mass Transfer Across the Oil/Water Interface

The study of hydrocarbon mass transfer across an oil/water interface
towards a microbial cell is important for the fundamental understanding of how

different parameters influence the mass transfer and how it can be improved.

6.3.1 Bacterial Colonization of an Oil/Water Interface

Microbial colonization of an oil/water interface may occur by diffusive
transport, convective transport, or active movement. Each of these processes is
described in detail in the following paragraphs.

(1) Diffusive transport is a slow process responsible for bacterial transport
towards interfaces. In general, bacteria exhibit a non-negligible Brownian motion
(average displacement about 40 um h™* [170]) that has been observed under the
microscope. This motion accounts for random contacts of microorganisms with
interfaces even under quiescent conditions and is responsible for crossing any
diffusion layer across which no convection can take place.[156] Diffusive
transport is slow compared with transport by convective flow or transport of
motile cells.

(2) Convective transport of cells is the result of flowing liquid and may be
several orders of magnitude faster than diffusive transport, but there may exist

situations in which the final part of the distance to the surface is diffusion
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controlled.[156] An extensive overview of convective bacterial transport is given
by Characklis in reference [171].
(3) Active movement of the cells is the result of cellular structures such as
flagella that allow microorganisms to propel themselves.[145]

Once a motile bacterium is in the close vicinity of a surface, it may
encounter the surface by chance or chemotactically respond to any concentration

gradient that may exist in the interfacial region.[156]

6.3.2 Hydrocarbon Transport towards Microbial Cells
After the microbial cells have reached and attached to an interface, the
transport of the hydrocarbon pollutants from the bulk phase towards them
involves the mass transfer pathways presented in Figure 6.10.
Resistance to mass transfer can be encounter at three possible locations:
(1) transport of hydrocarbon from the bulk oil phase to the stagnant liquid
region surrounding the microorganism;
(2) diffusion through the boundary liquid layer associated with the cells;
(3) transport across the cell envelope and to the intracellular reaction site;
These resistances occur in series and the largest of them controls the
rate of transport. Thus the entire mass transfer pathway can be modeled using a

single mass transfer relation.
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Figure 6.10 Schematic of mass transfer resistances encountered during

transport of hydrocarbons to a bacterial cell.
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The two microorganisms studied in this thesis have the tendency to
adsorb at the oil/water interface due to the hydrophobic nature of their surfaces.
Therefore, the major limitation to transport is at the interface in the form of a
stagnant aqueous layer through which the transport occurs solely by diffusion.
Although this layer will contain biopolymers and other structures attached to the
exterior of the bacteria, we can model the mass transfer as occurring through a
stagnant, water-rich layer. The rate controlling equation in this case is the
hydrocarbon diffusion through the stagnant layer associated with the cells.

As shown in Figure 6.10, the hydrocarbon diffuses towards the microbial
cell due to the difference in concentration between the bulk oil phase and the
surface of microorganism. Diffusion of the hydrocarbon generates a net flux of
mass from regions of high concentration to those of low concentration.

In general, the molar rate of hydrocarbon transport from the bulk liquid
phase to the oil-bacterium interface, J (mol h™'), can be described based on the

following equation:

J=ka,(C,-C,) 6.6

The rate of diffusion of the substrate from the bulk hydrocarbon phase to
the surface of bacteria, J, may be considered to be proportional to the area a,
across which mass transfer takes place (m?), and the driving force for mass
transfer which is the concentration difference, C, - C;, between the bulk and
bacterial surface. The constant of proportionality k; is defined as the mass
transfer coefficient (m s”) and characterizes the mass transfer through the

diffusive layer around the cell.
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For the case when the microorganisms partition at the oil/water interface
the octanol-water partition coefficient Kow has to be introduced in equation 6.6

leading to the following expression:

J = klab[ oF —Cij 6.7

As reported by Bressler and Gray [172], the oil/water partition coefficient

(Koinwater) is typically 1/10 of the octanol-water partition coefficient (Kow) which for
the case of hexadecane has a value of 17.78x10".[173]

For the case of d<<r, the mass transfer coefficient can be expressed as

the ratio of the diffusion coefficient to the film thickness
k, =— 6.8

where & represents the thickness of the boundary fluid layer (m) surrounding the
cells, and D, the diffusion coefficient of hydrocarbon in water (m? s™).

Substituting equation 6.8 in 6.7 gives

) :&ab[i_cj 59
K

oil / water

130



In the above equation a, represents the area exposed to the hydrocarbon
phase.

The hydrocarbon concentration C; at the interface can be assumed to be
negligible as compared to the concentration in the bulk phase for the case where
the bacterium is actively transforming the hydrocarbon.

The concentration of the hexadecane in the bulk aqueous phase can be
taken as the aqueous solubility of hexadecane at saturation.[173]

The equation for steady-state transport then simplifies to:

D Csat
J=—"la —— 6.10

oil / water

where Csa’aq is the aqueous solubility of hexadecane at saturation

In all the following mass transfer calculations, we consider two model
systems for bioremediation comprised of either A. venetianus RAG-1 or R.
erythropolis 20SE-1-c and n-hexadecane. The bulk hydrocarbon concentration
Cp used in this study was modeled based on a laboratory scale bioremediation
experiment that uses 12 g n-hexadecane per liter of MSM,; (vitamin
supplemented mineral salt medium).[174] This quantity of hydrocarbon is used to
achieve a concentration similar to natural conditions of concentration of n-alkane
in crude oil.

The diffusion coefficient for n-hexadecane in water was measured by

Geerdink et al. and found to be D;= 4 x 10" m? s .[175]
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a). A. venetianus RAG-1 partitioning at the oil/water interface

For the case of A. venetianus RAG-1 attached to the oil/water interface,
the bacteria had a three-phase contact angle of 56°. In this case the bacterium

will position at the oil/water interface as shown in Figure 6.11:

oil RO

water

A. venetianus RAG-1

Figure 6.11 A. venetianus RAG-1 positioning at the oil/water interface
based on a contact angle of 56°.
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The extracellular layer surrounding A. venetianus RAG-1 would have a

thickness & ranging from 0.05 x 10°to 0.1 x 10° m as presented in Figures 6.4
and 6.6. With a hexadecane diffusion coefficient in water D, of 4 x 10"°m? s, the

resulting mass transfer coefficient, k; ranges in value from 4 x 10%t0 8 x 10 m
s'. The interfacial area of A. venetianus RAG-1 available for hydrocarbon

transfer is 2mrz, and with a radius r of 5.50x107 m and a bacterial height

immersed in oil zo of 2.42 x 107 m, as previously determined, a value of 83.62 x

10™"* m? is obtained for the interfacial area. Substituting all the above values in

equation 6.9 gives a maximum hydrocarbon transfer rate J per cell between 0.51

x 10" t0 0.10 x 10" g h™" for the two limiting cases of &.

b). A. venetianus RAG-1 immersed in the water phase

The second approach ignores the contact angle of A. venetianus RAG-1

and considers the bacterium completely immersed in water with the pili extending

into the oil phase as shown in the following figure:
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oil

water

Figure 6.12 A. venetianus RAG-1 immersed in water with pili extending in
the oil phase.
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The hexadecane mass transport rate towards the bacterial cell can be

described by the following equation

3-Dip Cu

o K

6.11

oil / water

where A represents the closed packed projected area of a single A. venetianus

RAG-1 cell (Figure 6.13) on a planar surface, 2\/§r2, with r being the radius of
A. venetianus RAG-1 cell.[176] In equation 6.11, & represents an average
distance between the sum of the bacterium radius 5.50 x 107 and bound values
601 and 0., previously determined from the AFM retraction force curve in Figure
6.6, and the sum of the bacterium radius 0.55 x 10 and maximum length of pili
of 0.70 x 10° m, determined from the same figure. We obtain a value of 0.93 x

10" m for &; and 0.95 x 10 m for &..
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Figure 6.13 Spherical cells packed on a plane surface.
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In this case, we assume that the cells are closed packed at the interface
and the cell population is high enough to keep the bulk hydrocarbon
concentration very low, relative to the equilibrium interfacial concentration.

Substituting the value for the hexadecane diffusion coefficient in water D,
of 4 x 10" m? s, the partitioning coefficient of 17.78 x 10°, the values of & of
0.93 and 0.95 x 10® m, and the closed packed projected area of a single
bacterial cell 1.05 x 102 m? in equation 6.11, we obtain maximum hydrocarbon
transfer rates of 0.68 x 10" g h™ per cell and 0.67 x 10™ for the two limiting

cases of 0.

a). R. erythropolis 20SE-1-c partitioning at the oil/water interface

In the case of R. erythropolis 20SE-1-c, the three phase contact angle
measured at the R. erythropolis 20SE-1-c/oil/water interface had a value of 152°.
In this case the bacterium will position at the oil/water interface as shown in

Figure 6.13:
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R. erythropolis 20S-E1-g

oil

water \/

Figure 6.14 R. erythropolis 20SE-1-c positioning at the oil/water interface
based on its contact angle.
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In the case of R. erythropolis 20SE-1-c, the extracellular layer
surrounding the cells has a thickness & ranging from 0.01 to 0.24 x 10° m as
determined from Figures 6.7 and 6.9 respectively. With a hexadecane diffusion

coefficient in water D, of 4 x 107" m? s™ the resulting mass transfer coefficient, k;,

varies from 1.7 x 10°t0 40 x 10° ms™.

The interfacial area of R. erythropolis 20SE-1-c available for hydrocarbon
transfer, is 4mr? - 2mr’(1-cosg) and substituting r = 7.50 x 107 and ¢ = 28°
previously determined, gives a value of 665.49 x 10" m? The hydrocarbon
transfer rate through the stagnant layer surrounding R. erythropolis 20SE-1-c
becomes 0.17 x 107" g h™" for 8 =0.24 x 10®°m and 0.40 x 10"°g h™" per cell for &

=0.01 x 10 m.

b). R. erythropolis 20SE-1-c immersed in the oil phase

The second approach ignores the contact angle of R. erythropolis 20SE-

1-c and considers the bacterium completely immersed into the oil phase as

shown in Figure 6.14:
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R. erythropolis 20S-E1-c

oil

water

Figure 6.15 R. erythropolis 20SE-1-c completely immersed in the oil
phase.
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In this case the mass transfer resistance is assumed to be in the water
layer surrounding the cells suspended in the oil. The diffusivity D, value remains
the same as in the previous case and the stagnant layer  thickness varies from
0.01 to 0.24 x 10° m as shown in Figure 6.9.

The interfacial area available for hydrocarbon transfer changes to 41,
and by substituting r = 7.50 x 107 gives a value of 706.50 x 10" m?. The

hydrocarbon transfer rates through the stagnant layer surrounding R. erythropolis
20SE-1-c become 0.43 x 10"gh'and 0.18 x 10" g h™.

In the steady state equation 6.10, the diffusivity and concentration are
constant therefore, only the interfacial area and separation distances are relevant
for the mass transfer analysis. The key geometric ratio in equation 6.10, ay/3,
which reflects the only important difference between the two bacteria and the flux
estimates are included in Tables 6.1 and 6.2.

The highest hexadecane transfer rate is achieved for R. erythropolis
20SE-1-c when it is completely immersed in the oil phase and has the thinnest &
as opposed to the lowest hexadecane transfer rate obtained for A. venetianus
RAG-1 immersed in the water phase and having the thickest 0.

In order to check the validity of our results, the flux results obtained per
cell were compared to the doubling time and wet weight of a single cell of A.
venetianus RAG-1 and R. erythropolis 20SE-1-c. As the wet weight of a cell can
be approximated to 6.8x10 kg and considering the doubling time of each
studied bacterium (30 minutes for A. venetianus RAG-1 and 60 minutes for R.
erythropolis 20SE-1-c), the flux values presented in Tables 6.1 and 6.2 look

reasonable.
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It is evident that the more hydrophobic the surface is, the better the rate of
mass transfer. Based on the mass transfer analysis presented in this chapter, we
should increase the hydrophobicity of the cells in order to get the optimal

biodegradation rate.

142



Table 6.1 Parameters obtained for the case when A. venetianus RAG-1 and R.

erythropolis 20SE-1-c partition at the oil/water interface

Flux J, FluxdJ,
. relative to J, relative to J;
Za:tg :2' ay/dq ay/d; Fggl(l 6er F(,:L:l(l 6er for immersed for immersed
p m m H.11 h’.12 R. R.
9 9 erythropolis erythropolis
A. venetianus | 16.72x10° | 8.36x10° | 0.10x10™" | 0.51x10™ 0.23x10™ 1.18x10?
RAG-1
R. 6 6 10 1 1
erythropolis 665.49x10 27.72x10 0.40x10 0.17x10 0.93 0.39x10
20SE-1-c
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Table 6.2 Parameters obtained for the case when A. venetianus RAG-1 is
immersed in the water and R. erythropolis 20SE-1-c is immersed in the oil phase

Flux J, FluxdJ, relative
AS A5 Flux per Flux per relative to J, to J, for
Bacterial ! 2 cell,J; cell,J; for immersed immersed
. m m -1 -1
species gh gh R. R.
erythropolis erythropolis
A. venetianus | 1.12x10° 1.10x10° | 0.68x10™ | 0.67x10™° 1.58x10° 1.55x10°
RAG-1
R.
erythropolis | 706.85x10° | 29.45x10° | 0.43x10™ | 0.18x10™ 1 0.41x10™
20SE-1-c

144



7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This thesis has focused on understanding how microorganisms
possessing various extracelluar structures and different hydrophobicity interact
with model substrates such as hydroxyl (C41OH, hydrophilic) and methyl (C4;CHs,
hydrophobic) terminating AFM probes. Two microbial surfaces, A. venetianus
RAG-1 and R. erythropolis 20S-E1-c, isolated from hydrocarbon-contaminated
sites were probed by AFM imaging and force curves under physiological

conditions.

This study highlights the ability of AFM to provide images and force
curves in three dimensions for viable bacterial cells at high resolution under
native conditions. This work was motivated by the importance of bacterial

adhesion in bioremediation.

AFM imaging was used to determine the morphology of A. venetianus
RAG-1 and R. erythropolis 20S-E1-c and to correlate these findings to the results
obtained through electron microscopy techniques. The presence of pili
surrounding the cells of A. venetianus RAG-1 was detected by AFM phase
imaging recorded with the hydrophilic AFM tip and confirmed by TEM images.
Moreover, AFM amplitude imaging detected a compact granular layer resembling
a capsule surrounding these cells, which was emphasized by TEM, as well. In
contrast, the surface of R. erythropolis 20S-E1-c was devoid of pili, but a layer
consistent with capsule was observed surrounding the cells in TEM images. The

proof of existence of bacterial external structures of different hydrophobicity

145



probed with AFM tips of well-defined chemistry is a novel contribution to the

research in the area of bacterial adhesion.

AFM in the aqueous phosphate buffer phase allowed force
measurements on viable cells of A. venetianus RAG-1 and R. erythropolis 20S-
E1-c. Force distance curves for the interaction of A. venetianus RAG-1 with the
hydrophobic tip gave multiple adhesion peaks during retraction suggesting pull-
off forces from pili attached to the cell surface. The range of separation distances
at which these adhesion forces occurred matched the lengths of pili determined
in both phase and electron microscopy images. Most of the retraction curves
after contact with the surface of R. erythropolis 20S-E1-c displayed single rupture
events accompanied by pronounced adhesion force peaks consistent with

interaction of the probe tip with an adhesive capsule.

The adhesion forces measured upon the retraction of the hydrophobic
AFM tips from the bacterial surfaces were averaged and compared to the three-
phase hexadecane-water contact angle measured on lawns of A. venetianus
RAG-1 and R. erythropolis 20S-E1-c. In general, small interaction forces between
A.venetianus RAG-1 and the hydrophobic tip were found to coincide with low
contact angles and strong interactions, as in the case of R.erythropolis 20S-E1-c,

with high contact angles.

Multiple adhesion force measurements over the microbial surfaces
confirmed their heterogeneity at a length scale of 50-100 nm. The arrangement of
the adhesion forces for R. erythropolis 20S-E1-c typically showed a patterned
distribution with the highest forces grouped at one pole of the cell. This is similar

to the work of Marshall and Cruikshank [177] who observed that Flexibacter and
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Hyphomicrobium cells attached to the oil/water interface with a perpendicular
orientation suggesting the existence of hydrophobic poles. The gradient in
adhesion suggests a gradient in composition. In contrast, A. venetianus RAG-1

showed a random distribution of the adhesion forces.

The differences in the cell surfaces could have significant implications for
cell attachment to hydrophobic surfaces or interfaces like crude oil droplets in
water. The uniform heterogeneity of the surface of A. venetianus RAG-1 would
give no preferred orientation on a surface or interface. The gradient on the
surface of R. erythropolis 20S-E1-c, on the other hand, could give a preferred

orientation of attachment of one pole (hydrophobic) of the cell.

This first part of my work highlighted the importance of using probes of
well-defined chemistry to determine the heterogeneity in bacterial surface
hydrophobicity which may have direct implications in bioremediation of

hydrophobic contaminants in the environment.

In the second part of this study, the approach AFM force curves taken on
A. venetianus RAG-1 and R. erythropolis 20S-E1-c surfaces with hydrophilic and
hydrophobic derivatized AFM tips, were modeled using classical DLVO theory of
colloidal stability enhanced by two additional terms accounting for hydrophobic

and/or steric interactions.

Although modeling the interactions using DLVO theory of colloid stability
usually leads to a quantitative framework for the interpretation of the AFM results,
it was insufficient to explain our results. DLVO theory provided poor agreement
with experimental observations for R.erythropolis 20S-E1-c and A. venetianus

RAG-1 interaction with both hydrophobic and hydrophilic AFM probes. DLVO
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force predictions suggested attraction at short separation distance for interaction
of both microorganisms with the hydrophobic AFM probes and short range

repulsion for the interaction with the hydrophilic AFM probes.

Two extended DLVO models, XDLVO and EDLVO accounting for acid-
base type interactions and steric forces, were considered for the case of
R.erythropolis 20S-E1-c and A. venetianus RAG-1 interaction with both
hydrophobic and hydrophilic AFM probes. These models demonstrated the
importance of steric forces in addition to traditional DLVO interactions when

characterizing microbial cells possessing extracellular structures.

Based on the theoretical predictions, the observed distance at which the
repulsive forces become effective, and the forces at contact, we concluded that
force-distance curves for approach can be described in terms of the extended
XDLVO and EDLVO theories accounting for steric repulsion in the case of
bacteria possessing extracellular appendages. Our results emphasize that
bacterial adhesion is indeed strongly influenced by the presence of extracellular

structures.

7.2 Directions for Future Work

During the course of this study, several unresolved issues that need to be
addressed in more details in future projects came to my attention. A brief
discussion of these issues is presented below.

The complexity and the duration of the AFM experiments didn’t allow us
to test a larger range of bacterial cells. For example, it would be interesting to test

a hydrophilic microorganism such as Pseudomonas florescense LP6a, having a
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three-phase contact angle of about 20°, and compare the results to those
obtained for A. venetianus RAG-1 and R.erythropolis 20S-E1-c. P. florescense
LP6a possesses an extracellular capsule as we previously determined (Figure

7.1).

U

g m

Figure 7.1 Amplitude AFM image of P. florescence LP6a
surrounded by an extracellular capsule.
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Another interesting microorganism to investigate would be one that is
devoid of any extracellular structures. It would be interesting to compare the
shape of the force curves obtained in this case to those obtained for the bacteria
possessing extracellular structures, as probed in this study, and then model the
approach force curves using the DLVO theory.

These additional investigations would allow us to create a general picture
of bacterial interactions with hydrophobic and hydrophilic substrates.

The study of bacterial heterogeneity and the specific orientation of the
cells at the oil/water interface needs more investigation by including the
measurements of hydrophobicity on lawn of microorganisms possessing different
degrees of hydrophobicity. The results of such experiments would allow the
formulation of a general trend followed by microorganisms with regard to their
possible orientations at the oil/water interface.

Another possible way of improving our understanding regarding the forces
involved in bacterial adhesion to an oil/water interface would be to conduct the
AFM force measurements with hydrophobic and hydrophilic modified AFM tips in
phosphate buffer of different ionic strength. These series of experiments will
allow us to see what happens to the shape of the force curves when the ionic
strength varies. Moreover, modeling of the approach force curves obtained for
different ionic strength would allow us to better understand the forces involved in
bacterial interactions.

Another possible extension to this study would be to approach the AFM
tip to the bacterial surface and allow some time for stabilization before retracting
the tip. This experiment will allow us to determine if any specific bond is formed
during contact by comparing the shape of the retraction force curves to those

obtained in this study.
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In order to obtain a general view of bacterial adhesion to a surface or
interface it would be interesting to investigate the chemical composition of the
bacterial surfaces. Fourier transform infrared spectroscopy (FTIR), which is used
to identify functional groups in organic molecules based on the vibrational modes
at different infrared frequencies, has been successfully applied to elucidate the
functional groups on both Gram-positive and Gram-negative bacteria in spite of
the complexity of the infrared spectra.[170] Moreover, FTIR microspectroscopy
can be used non-destructively down to the micron scale to monitor the chemistry

of living cells in vitro and in real time.[70]
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APPENDIX A.
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A.1 Representative AFM retraction curves taken on A. venetianus RAG-1 (a)
and R. erythropolis 20S-E1-c (b) surfaces in phosphate buffer with the
hydrophobic tip. The four force curves represent data obtained on different
areas for the same bacterium.
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A.2 Representative AFM retraction curves taken on A. venetianus RAG-1 (a)
and R. erythropolis 20S-E1-c (b) surfaces in phosphate buffer with the
hydrophobic tip. The three force curves represent the repeatability of
measurements at the same point on a bacterium surface.
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A.3 Representative AFM retraction curves taken on A. venetianus RAG-1 (a)
and R. erythropolis 20S-E1-c (b) surfaces in phosphate buffer with the
hydrophilic tip. The four force curves represent data obtained on different
areas for the same bacterium.
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A.4 Zeta potential of A. venetianus RAG-1 measured in solutions of various
electrolyte concentrations. A minimum of three measurements were taken
for each data point.
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A.5 Zeta potential of R. erythropolis 20SE1c measured in solutions of
various electrolyte concentrations. A minimum of three measurements
were taken for each data point.
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A.6 A. venetianus RAG-1 length measured from AFM height images in
phosphate buffer.
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A.7  A. venetianus RAG-1 width measured from AFM height images in
phosphate buffer.

174



600

400

200

Hm

-200

-400

-600

A.8 A. venetianus RAG-1 height image taken in tapping mode in

phosphate buffer.
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A.9 R. erythropolis 20SE1c length measured from AFM height images in
phosphate buffer.
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A.10 R. erythropolis 20SE1c width measured from AFM height images in

phosphate buffer.
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