Investigations of Bacteria Viability on Surfaces Using o-functionalized Alkanethiol
Self-Assembled Monolayers

Joshua R. Uzarski

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE
in
Chemistry

John R. Morris, Chair
Mark R. Anderson
Richard D. Gandour

June 19, 2006
Blacksburg, Virginia

Keywords: self-assembled monolayers, antibacterial surface, silver carboxylate SAM,
Escherichia coli

Copyright 2006, Joshua R. Uzarski



Investigations of Bacteria Viability on Surfaces Using o-functionalized Alkanethiol
Self-Assembled Monolayers

Joshua R. Uzarski

ABSTRACT

The structure/function relationship between bacteria and biocidal molecules in the
vapor or solution phase is well-understood. However, the fundamental structure/function
relationship between covalently-bound biocidal surface molecules and bacteria is not.
While a number of antibacterial surfaces have been reported, detailed analysis of the
molecular scale surface structure has not been performed. The lack of structural
knowledge makes it difficult to determine how alterations to the surface affect the
viability of the bacteria. Most of the antibacterial surfaces reported to date are composed
of polymer systems. Controlling the properties of large surface-bound molecules like
polymers is difficult.

Self-assembled monolayers, or SAMs, of alkanethiols on gold have been used
extensively in the past 20 years as model surfaces for investigation of a large breadth of
surface phenomena. SAMs allow for control of the molecular scale surface structure and
are amenable to a great number of characterization techniques. The primary objective of
the work in this study is to establish the use of SAMs as a tool to investigate the
fundamental relationship between surface structure and bacteria viability.

The surfaces were characterized before interaction with bacteria by reflection-
absorption infrared spectroscopy (RAIRS) and X-ray photoelectron spectroscopy (XPS).
Determination of the viability of Escherichia coli on the surfaces was performed via the
antibacterial assay. In the assay, a culture of E. coli was sprayed onto the surfaces using
a chromatography sprayer. After addition of growth agar and overnight incubation, the
number of colony forming units on the surface were counted. Statistical analyses were
performed to compare the number of colony forming units on different surfaces.
Surfaces were characterized after the assay by RAIRS. The RAIR spectra indicated that

no significant change to the well-ordered alkane chain configuration was evident. The
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structural stability shown by the SAMs will allow for their use in future studies to

determine fundamental relationship between surface structure and bacteria viability.
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Chapter 1: Introduction, Motivation, and Review of Bacteria

1.1 Introduction

Since the beginning of human existence, man has been in constant battle with
harmful microorganisms. One classification of microorganisms is bacteria. Bacteria
cause a large number or problems for human populations including spoilage of food,
disease, illness, and even death. Before the development of technology capable of
recognizing and identifying microorganisms, the battle against harmful bacteria was
entirely one sided. Dying from infections stemming from simple injuries was
commonplace as the knowledge of sterilization was not yet obtained. Communicable
diseases like bubonic plague spread easily. However, not all bacteria are harmful to
humans. In fact, some bacteria are essential to our survival. Without bacteria, events
such as digestion and decomposition of deceased organisms would not be possible.

The battle against harmful bacteria essentially began with their discovery.
Microorganisms were first observed in 1674 by Antony van Leeuwenhoek.
Leeuwenhoek used his crude microscope to observe bacteria, protozoa, yeasts,
spermatozoa, red blood cells, and muscle cells. He suggested a possible link between the
observed microorganisms and fermentation, decay, and disease. However, at the time the
suggestion was based merely on postulation without the benefit of experimental evidence.

In 1862, Louis Pasteur demonstrated that all putrefactions are caused by
microorganisms.  His work helped change microbiology from a speculative to
experimental science. Pasteur’s work at that time also helped develop the sterilization
process that bears his name, Pasteurization. The process of Pasteurization involves
heating a food material to a temperature high enough to kill microorganisms followed by
cooling. Pasteurization is still used universally to preserve milk and other food products.

Credit for the discovery that bacteria cause and transmit a large number of
diseases goes to Robert Koch. In 1876, Koch demonstrated that anthrax is transmitted
through bacterial spores. Koch also formulated a set of postulates that laid down the

conditions needed to be fulfilled if the microbial basis of a disease was to be established.



The postulates were: (i) the organism must be present in the lesions of the disease, (ii) it
must be possible to culture the organisms in pure form outside of the host body, (iii) the
pure cultures should be able to produce typical symptoms of the disease, and (iv) the
same organism should be present in the disease caused by the inoculum.

Efforts to control the occurrence and spread bacterial disease began around the
same time as the discoveries of Koch. The concept of vaccination for prevention of
bacterial disease was developed around this time. A Glasgow surgeon named Joseph
Lister, taking a clue from Pasteur’s work, suggested using phenol-soaked bandages to
overcome post-surgery infections. Lister also stressed the use of sterilized instruments
and conduct of surgery under a spray of disinfectants to prevent the access of
microorganisms to wounds. Such methods, although highly refined, are still in use in
operating rooms today.

Continuing advancements in the fields of microbiology and chemistry have led to
development of a large number of antibacterial compounds. One such advancement is
the development of surfaces containing antibacterial compounds. The use of antibacterial
surfaces can eliminate the need for manual application of solution or aerosol based
antibacterial compounds to an environment. Antibacterial surfaces have been developed
for use on such things as kitchen utensils and toilet seats. However, there is a lack of
fundamental understanding of the influence of molecular scale surface structure on
antibacterial activity. Such fundamental knowledge could some day lead to the
development of better, more effective antibacterial surfaces that do not suffer the caveats
of many current antibacterial surfaces.

The objective of the research presented here was to establish the use of self-
assembled monolayers (SAMs) of alkanethiols on gold as a tool to investigate the
fundamental relationships between molecular scale surface structure and the viability of
bacteria. SAMs were chosen because they allow for control of surface structure and they
can be characterized by a large number of techniques. A SAM composed of silver
complexed carboxylic acid terminal groups showed antibacterial activity, and the
structure of the underlying alkyl chains proved to be robust. The antibacterial activity
and structural stability of the alkyl chain organization demonstrated that functionalized

alkanethiol SAMs can be used for fundamental studies into the influence of molecular



scale surface properties on the viability of bacteria. Specifically, SAMs afford control
over surface roughness, chemical functionality, and chemical density of a surface.

The remaining manuscript is organized as follows. The next part of chapter 1
discusses general features of bacteria and the physiology of their outmost parts, the cell
wall. Subsequently, a brief review of the process of bacterial adhesion to surfaces is
presented, followed by a discussion of previous antibacterial surfaces. The discussion of
previous antibacterial surfaces is closed by presenting questions remaining from those
studies. The remaining questions serve as the motivation to use SAMs as model surfaces.

In chapter 2, a brief review of previous SAM work is presented that helps to
justify the selection of SAMs as model surfaces. In chapter 3, the experimental
techniques utilized for characterization of the surfaces and for assessment of antibacterial
activity are explained. Preliminary work in development of the antibacterial assay and
the statistical techniques used to analyze the data are also explained. In chapter 4, the
experimental results are presented and discussed, followed by chapter 5, which offers a
summary and discussion of future work.

1.2 Classification and Physical Characteristics of Bacteria

It is estimated that bacteria have been in existence on Earth for at least 3.5 billion
years, making them one of the oldest living organisms.' Bacteria are ubiquitous in
nature, surviving in extreme environments that would kill most other organisms. Bacteria
are considered the simplest life forms, but this does not mean they are without
complexity. Their ability to adapt to environmental stress is truly remarkable, however,
like all organisms; they can and do succumb to the environmental conditions.

Bacteria are classified as prokaryotes, which signifies that they lack membrane
bound organelles and that their genetic material is not contained within a nucleus.
Prokaryotes differ from eukaryotes, such as animal cells, which are more complex and
contain well-defined organelles such as a nucleus. A typical prokaryotic cell consists of
the following major structures: cell wall, cytoplasmic membrane, ribosomes, some
inclusions, and nucleoid. The average size of a bacterial cell is 0.5-1.0 um in diameter
and 1.0-3.0 pm in length. Using the bacteria size dimensions, the number of non-
overlapping bacteria that can fit onto a one square centimeter surface is between 3.33 x

10" and 2.00 x 10'%. About a trillion bacteria (10°) can fit into a one milliliter pipette.



The majority of bacteria can be divided into two main groups, the Gram positive
cell and the Gram negative cell. The two types are named as such based upon their
response to a staining procedure developed by Hans Christian Gram in 1884.% In a Gram
staining procedure, bacteria are stained with a basic dye like, crystal violet, followed by
treatment with iodine and 95% alcohol. The addition of alcohol differentiates the
bacteria into two broad groups; those that retain the dye and those that are decolorized by
the alcohol. The former group is called Gram-positive and the latter are called Gram-
negative.

The different response to the staining procedure is caused by differences in the
structure and composition of the cell walls. The cell wall of the Gram-negative bacteria
is thinner and has higher lipid content. The alcohol causes the cell walls to distort and
disorganize and leads to an increase in permeability and release of the dye molecules. In
turn, the alcohol causes the cell wall of Gram-positive bacteria to dehydrate and tighten.
The tightening of the cell wall decreases the permeability and retains the dye molecules.
1.3 Chemistry of the Cell Surface

The distinction between Gram-positive and Gram-negative bacteria is the
structure and composition of the outmost cell wall. The cell wall is the first site of
interaction between a bacterium and its environment, including a surface such as a self-
assembled monolayer. For a surface molecule to cause a disruption in the cell surface, it
must have a favorable interaction with the cell wall molecules. This section will describe
the chemical composition and structure of the cell wall of the two types of bacteria.
Understanding of the complex cell wall systems will help facilitate design of antibacterial
surfaces and help recognition of important structure/function relationships.

1.3.1 The Gram-positive Cell

The general structure of the Gram-positive cell is shown in Figure 1.
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Figure 1: Diagram of the structure of a Gram-positive bacterium. The identifying structure is the
large cell wall composed primarily of peptidoglycan

The Gram-positive cell wall contains a massive peptidoglycan layer, compromising
approximately 90% of the wall. The average thickness of the wall is 15-20 nm, which
corresponds to approximately 1% of the total thickness and 20-30% of the cell’s dry
weight. The peptidoglycan layer is a glycopeptide that is composed of two polymers.
One polymer consists of saccharide subunits and the other consists of amino acid
subunits. The saccharide component of peptidoglycan comprises alternating repeat units
of two amino sugars related to glucose, N-acetylglucosamine (NG) and N-acetylmuramic
acid (NM). The alternating units of NM and NG are linked together by a glycosidic bond
(B-1,4 linkage) which contributes to the stability of the cell wall. Figure 2 shows the
structure of NM and NG.
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Figure 2: Structures of (A) N-acetylglucosamine (NG) and (B) N-acetylmuramic acid (NM). These
two molecules are the primary constituents of cell wall peptidoglycan.

Small peptides attached to the NM help provide additional rigidity to the cell wall. In the
Gram-positive cell, the small peptides are composed of four amino acids; L-alanine, D-
glutamic acid, L-lysine, and D-alanine. The peptide chains are cross-linked through a
pentaglycine bridge formed between the terminal D-alanine of one peptide chain and the

third amino acid of the other. The general bonding structure of the peptidoglycan is

shown in Figure 3.
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Figure 3: General bonding of the cell wall peptidoglycan in Gram-positive bacteria.?
NG=N-acetylglucosamine; NM=N-acetylmuramic acid; L-Ala=L-Alanine; D-Ala=D-Alanine;
D-Glu=glutamate; L-Lys=Lysine; L-Gly=Glycine.

Throughout the peptidoglycan layers are covalently bonded acid polysaccharides
known as teichoic acid. Teichoic acid structures differ among different species of
bacteria, but all are composed of carbohydrate, such as glucose, an alcohol, such as
glycerol or ribitol, and phosphate. The function of teichoic acid is to bind protons and

maintain the cell wall at a relatively low pH. The structure of glycerol teichoic acid is

shown in Figure 4.
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Figure 4: Structure of glycerol teichoic acids. The presence of the phosphate group contributes to
the negative charge of the cell wall.

The functional groups found in both the peptidoglycan and teichoic acids give rise
to an overall negative charge associated with the cell wall. As far as it is known, all walls
of Gram-positive bacteria are negatively charged in media capable of supporting
growth.”®  The negative charge arises from anionic sites in the cell wall including
carboxylate from the peptidoglycan and phosphate from the teichoic acids. Numerous
studies have concluded that the more electronegative sites in Gram-positive cell walls
are on the outer surface, that is the surface exposed to the environment, and not on the
inner surface.”'> As a result of the negative charge, it is possible to postulate that Gram-

positive bacteria would be attracted to surfaces presenting a positive charge.



1.3.2 The Gram-negative Cell

The basic structure of the Gram-negative cell is shown in Figure 5
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Figure 5: Diagram of the structure of a Gram-negative bacterium. The key identifying structure is
the outer membrane which is composed primarily of phospholipids.

The Gram-negative cell wall is more complex than the Gram-positive cell wall.
The primary difference between the two is the size and location of the peptidoglycan
layer. In the Gram-positive cell, the peptidoglycan layer comprises approximately 90%
of the cell wall, but in the Gram-negative cell the peptidoglycan layer comprises only
10%. There are no teichoic acid molecules found in the Gram- negative cell wall. The
teichoic acid molecules are replaced by lipoproteins. The outside of the peptidoglycan is
surrounded by an outer membrane composed of lipopolysaccharides (LPS),
phospholipids, and proteins. The multilayered outer membrane structure is generally
referred to as the cell envelope of the Gram-negative cell wall.

While the composition may vary among different species, the outer membrane
usually contains between 20 and 25% phospholipids, 30% LPS, and 45-50% protein by
weight."? The principal phospholipids are phoshpatidylethanolamine,
phosphatidylglycerol, and diphosphatidylglycerol."* In Escherichia. coli, the
predominant phospholipid is usually phosphatidylethanolamine, which can account for
75-95% of the total phospholipids content of the membrane."”” The structure of some

phospholipids is shown in Figure 6.
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Figure 6: General structure of bacterial phospholipids. The R groups are unsaturated or saturated
alkane chains that depend on the specific phospholipid. A) Phosphatidylethanolamine, B)

Phosphatidylgylcerol, C) Diphosphatidylglycerol

The outer membrane is essentially held together by non-covalent forces caused by
the amphiphilic nature of the lipid molecules. By adopting a bilayer structure in aqueous

milieu, the lipid molecules minimize their free energy by orienting their hydrophilic and
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hydrophobic ends towards and away from the external environments respectively.'® As
a result of the bilayer orientation, the hydrophilic polar head groups of the lipid
molecules, which contain anionic phosphoryl and carboxyl groups, remain exposed to the
external environment and effectively determine the reactivity of the cell surface.' !

In addition to the phospholipids, the outer membrane contains proteins and
lipopolysaccharides (LPS). The LPS are made up of three distinct regions: lipid A, R
core region, and the O side chain. Lipid A is composed of fatty acids linked to a
disaccharide, N-actylglucosamine phosphate. On the outer side of the membrane, the
LPS are associated with a number of proteins. On the inner side, a lipoprotein complex
consisting of small proteins anchors the outer membrane to the peptidoclycan layer. The
toxicity of some Gram-negative bacteria such as Escherichia coli, Salmonella, and
Shigella is attributed to the LPS, which is often referred to as endotoxin.

The outer membrane of the cell envelope is relatively permeable to small
hydrophilic and hydrophobic molecules. The permeability is attributed to the presence of
proteins called porins that form membrane channels. The porins are both specific and
non-specific to exchange of molecules with the environment. Between the outer and
cytoplasmic membranes is the periplasm, also known as the periplasmic space. The
periplasm has a gel-like consistency and contains the peptidoglycan layer. In E. coli, the
periplasm measures approximately 12 to 15 nm across. There are three protein types
found in this region: hydrolyzing enzymes for initial digestion of food molecules,
binding proteins that help transport various substances, and chemoreceptors involved in
various chemoactive responses. The defined periplasmic space and LPS layer is found
only in the Gram-negative bacteria.

The interaction between bacteria and surfaces is controlled both by the chemistry
of the outer surfaces of the bacteria and chemistry of the external surface. The process of
bacterial adhesion is one example of interaction between bacteria and surfaces and is
reviewed in the next section.

1.4 Previous Bacterial Adhesion Studies

A large number of studies of bacteria on surfaces have investigated bacterial

adhesion. Bacterial adhesion is the process in which a bacterium physically or

chemically bonds to a surface. Adhesion is the initial step in the process of biofouling or
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biofilm formation. Biofouling leads to many undesirable consequences, such as
infection of medical implants or decay of important structural materials.'"® The adhesion
of bacteria to surfaces has been found to exist in two primary phases, the initial and
secondary phases.' %

1.4.1 Bacterial Adhesion Process

Bacteria prefer to grow on available surfaces rather than in the surrounding
aqueous phase.”’ The initial interaction involves physiochemical interactions with the
surface, both of the long and short range variety. The long range forces facilitate the
movement of bacteria to a material surface through and by the effects of physical forces
such as van der Waals attraction forces, gravitational forces, and hydrophobic
interactions. Some long range forces between the cells and material surfaces are non-
specific and occur at distances greater than 150 nm. They are described by mutual forces
and are a function of distance and free energy. Short range interactions occur at distances
less than 3 nm and can be separated into chemical bonds, such as hydrogen boning, ionic
and dipole interactions, and hydrophobic interactions. The initial interaction of bacteria
to material surfaces is the initial step of adhesion, which makes the molecular or cellular
phase of adhesion possible.

In the second phase of adhesion, molecular reactions between the bacterial surface
structures and substratum surfaces become predominant. The molecular reactions
produce a firmer adhesion of bacteria to a surface through the bridging function of
bacteria surface polymeric structures. The polymeric structures include capsules,
fimbriae or pili, and slime, and are responsible for the irreversible adhesion of bacteria
after the initial phase.

1.4.2 Factors Influencing Bacterial Adhesion

A large number of studies have found that a variety of factors can influence the
extent of bacterial adhesion to a surface. The factors include environmental conditions,
characteristics of the bacteria surface, and properties of the material surface. This section
will discuss how the different factors influence bacterial adhesion.
1.4.2.1 Environmental Factors

The adhesion of bacteria has been found to be effected by numerous

environmental factors including temperature, time of exposure, bacterial concentration,
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and concentration of electrolytes in the culture medium. Adhesion of Streptococcus
faecium to glass was found to increase with increasing temperature (up to 50°C), time of
exposure, and bacterial concentration. Equilibrium of bacteria on the surface was not
reached after eight hours of incubation or a cell concentration of 3 x 10'° cells/mL.>* The
effect of temperature has also been found by other researchers.”” Fletcher and Marshall®
and Satou® et al. found that the number of bacteria adhering to a substrata surface
increased with time until a saturation level was reached. The saturation level was
specific for each type of surface.

The amount of various chemical species in the culture medium has been found to
effect adhesion. Concentrations of electrolytes (potassium chloride, sodium chloride),**
23 carbon dioxide,”® and pH***"** have all been found to vary the extent of adhesion. All
of the environmental factors may influence bacterial adhesion by either changing the
physical interactions in the initial phase of adhesion or by changing the characteristics of
the bacteria or the substratum surfaces.'®
1.4.2.2 Bacterial Surface Properties

The properties of the surface of a bacterium affect its adhesion to material
surfaces. The surface properties vary among species and even strains of particular
organisms. In general, bacteria prefer to adhere to substratum surfaces that more closely
match the hyrdophobicity of their own surface. Hydrophilic bacteria prefer hydrophilic
surfaces, and likewise, hydrophobic bacteria prefer hydrophobic surfaces.* * The
hydrophobic bacteria adhere to a greater extent than the hydrophilic bacteria.’® Altering
the hyrdophobicity of a bacterium has been found to change its adhesion properties.
Treatment of Staphylococcus epidermidis with pepsin or extraction with aqueous phenol
yielded cells with decreased hyrdophobicity and resulted in decreased adhesion to FEP.*

The charge of the bacterial surface has also been found to effect the adhesion

31:32 The surface charge attracts ions of opposite charge in the medium and

properties.
results in the formation of an electric double layer. Bacteria in solution have been found
to be always negatively charged.” A higher surface charge is accompanied by a more
hydrophilic character of the bacteria; however, hydrophobic bacteria may still have a
high surface charge.”> The surface charge of bacteria varies according to bacterial

species and is influenced by growth media, bacteria age, and bacterial surface structure.”®
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1.4.2.3 Substratum Surface Properties
Many properties of the substratum surface influence bacterial adhesion including

33, 34

the chemical composition of the surface, the charge of the surface,’® the surface

3% 3% and the surface roughness and physical configuration.”” *® The

hyrdophobicity,
surface energy, empty binding sites, and hydrophobic and hydrophilic characteristics can
quickly be altered by the adsorption or biding of serum proteins and formation of
biofilms.”*

Chu and Williams*' compared the adhesion of both E. coli and S. aureus to
polydioxanone and Dexon sutures, among other surfaces. They found that both
organisms exhibited the highest adherence affinity for Dexon and the lowest for
polydioxanone. Gristina® et al. showed that S. epidermidis preferentially adheres to
polymers, whereas S. aureus preferentially adheres to metals. Various researchers have
found that bacterial adhesion can be discouraged by chemically modifying the surface
with antimicrobial peptides,”” pluronic surfactant coating,” nonsteroidal anti-
inflammatory drug coating,* a solid surface with adsorbed cations,* or amine-containing
organosilicon surfaces.*

Surface roughness has been found to influence bacterial adhesion. In general,
increasing the surface roughness increases bacterial adhesion.'® McAllister et al.*® found
that irregularities of polymeric surfaces promoted bacterial adhesion, biofilm deposition,
and accumulation of biliary sludge and ultrasmooth surfaces do not allow bacterial
adhesion or biofilm deposition. Baker and Greenham®’ discovered that roughening the
surface of either glass or polystyrene with a grindstone greatly increased the rate of
bacterial colonization in a river environment. The causes of surface roughness
phenomena may include the fact that a rough surface has a greater surface area and the
depressions in the roughened surfaces provide more favorable sites for colonization.*’

The configuration of a surface can affect bacterial adhesion. The surface
configuration is a morphological description of the pattern of a material surface, such as a
monofilament surface, a braided surface, a porous surface, or a grid-like surface and is a
three-dimensional parameter. Merritt et al.** found that implant site infection rates were

different between porous and dense materials with porous materials having a much higher

rate, which implies that bacteria adhere and colonize porous surfaces preferentially.
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Additionally, braided suture materials have increased bacterial adherence compared to
non braided ones,” which is probably due to the increased surface area of the braided
surfaces.

The wetting properties of a surface, or more specifically the surface free energy,
influence bacterial adhesion. Hydrophobicity of both the bacteria and substratum surface
effect the overall adhesion.”* **°° In general, hydrophilic materials are more resistant to
bacterial adhesion than hydrophobic material.*” > Fletcher and Loeb®® studied the
attachment of marine Pseudomanas sp. to a variety of surfaces. They found that more
bacteria attached to hydrophobic plastics with little or no surface charge (Teflon,
polyethylene (PE), polystyrene, and polyethylene terphthalate); moderate numbers
attached to hydrophilic metals with positive or neutral surface charge; very few attached
to hydrophilic, negatively charged substrata (glass, mica, oxidized plastics). Modifying
surfaces by coating with proteins, such as bovine serum albumin (BSA), bovine
glycoprotein, or fatty-acid free BSA decreased the surface hyrdophobicity and led to an
inhibition of bacterial adhesion to the surfaces.”

Despite the detailed information known about bacterial cell structure, chemical
nature, and adhesion to surfaces, little is known about the fundamental processes
involved in the interaction of bacteria with antibacterial surfaces. A few of the prior
studies in this area are presented in the next section.

1.5 Previous Antibacterial Surface Studies

This section briefly introduces early antibacterial studies and discusses two
important surface-bound antibacterial molecules; alkylated pyrdinium polymers on glass
and organosilicon bound quaternary ammonium chloride on glass. Quaternary
ammonium compounds are one of the very few known antibacterial molecules that retain
their bactericidal properties when covalently bound to a surface.

1.5.1 Bulk Phase Antibacterial Molecules

Amphiphilic quaternary ammonium compounds (QACs) are considered surface
active due to their increased concentration at the liquid-gas interface in aqueous
environment. Because of their surface active properties, many amphiphilic QACs are

used as detergents, wetting agents, and emulsifying agents. QACs are organically
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substituted ammonium compounds in which the nitrogen atom has a valency of five.

They have the general formula shown in Figure 7 where the X is usually a halogen.

R,
R—N—R,
X

Rs

Figure 7: Structure of a quaternary ammonium compound.

For the QAC to be active on a monolayer surface, one of the alkyl substituents must be
sufficiently long. The surface active properties are a result of the amphiphilic structure of
the molecule. The long alkyl chain of the surfactant molecule orients away from the
liquid/air interface and the head group, usually polar or charged, orients at the interface.
As a consequence of their surface activity, some QAC are also antibacterial. It is thought
that the antibacterial surfactants embed their long alkyl chains into the outer cell
membrane, which effectively disrupts the membrane structure and functionality.” The
most widely used antibacterial QAC compound is cetyltrimetylammonium bromide
(CTAB).>* Another example of an antibacterial QAC has the quaternary ammonium
placed in a ring structure, like pyridine. Cetylpyridinium chloride is an example of such

a QAC and its structure along with CTAB is shown in Figure 8.
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Figure 8: Structure of A) cetyl trimethylammonium bromide (CTAB) and B) cetyl pyridinium
chloride, which are well known solution based antibacterial compounds.

The antibacterial action of surface active cations was reported in 1928 by

Hartmann and Kiig.”> In 1940, Kuhn and Bielig suggested that quaternary ammonium

16



cation (QAC) detergents might act on the bacterial membrane.”® The end result of the
interaction between bacteria and a QAC is the leakage of intracellular components due to
disruption of the membrane functionality. Hotchkiss proved this in 1944 when he
detected the leakage of nitrogen and phosphate containing compounds from
Staphylococcus aureus upon treatment with a wide range of agents.”’ Further studies
using a variety of methods proved the hypthesis.”®

In 1968, Salton proposed the following sequence of events with microorganisms
exposed to cationic agents.”® First, the agent is adsorbed and penetrates into the cell wall
due to the electrostatic interaction between the surface-bound cations and the anions in
the cell wall. The agent then reacts with the cytoplasmic membrane, which is followed
by membrane disorganization. Leakage of intracellular low molecular weight material
follows. Next, the proteins and nucleic acids begin to degrade followed by the final
event; wall lysis caused by autolytic enzymes.

Studies of antibacterial quaternary ammonium compounds in solution are
extensive and their mode of action is well documented. However, surface-bound
antibacterial quaternary ammonium compounds are not as well studied. It is not
unreasonable to think that the mode of action of surface-bound QAC’s is different from
the bulk phase analogs due to the different physical and chemical environments
experienced by the two systems. The next section will outline two studies of surface-
bound antibacterial QAC’s and the remaining questions they present.

1.5.2 Surface-bound Antibacterial Quaternary Ammonium Compounds

Bulk phase antibacterial compounds are effective against liquid borne bacteria;
however it is difficult to test them against airborne bacteria. To be effective against
airborne, and possibly liquid borne bacteria as well, the antibacterial molecules need to
be present at the solid-air interface. The chemistry at an interface is different than the
bulk phase; therefore it is not unreasonable to expect different modes of antibacterial
action for the two systems. Surfaces that can repel the adhesion of bacteria and in turn,
stop their growth have been developed. Surfaces resistant to bacterial adhesion usually

43, 60-64
’ The surfaces do

present poly(ethylene glycol) or certain other synthetic polymers.
not kill the bacteria, however. The resistance is made possible by presenting a surface

that is unfavorable for the bacteria adhesion. There are also materials that can be
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impregnated with antimicrobial agents, such as antibiotics, silver ions, iodide ions, and
quaternary ammonium ions. The method of action of the impregnated materials is based
upon slow release of the active agent into the surrounding solution.”* ®7  The
impregnated antimicrobial surfaces present two problems: (1) the need of a liquid
medium for the release of the antimicrobial agent and (2) the eventual exhaustion of the
antimicrobial agent due leaching. In the review of two studies, antibacterial surfaces
were created that were both non-leaching and active against airborne bacteria.
1.5.2.1 Antibacterial Surface Composed of Poly(4-vinyl-N-alkylpyridinium

bromide)

The antibacterial surface composed of the surface-bound polymer poly(4-vinyl-N-
alkylpyridinium bromide) was developed in the Klibanov group at MIT.®*”° The idea to
use such a molecule as a surface antimicrobial came from a study by Kawabata and
Nishiguchi,”! who found that both cross-linked poly(N-benzyl-4-vinylpyrdinium halide)
and linear poly(N-benzyl-4-pyridinium salt) exhibited antibacterial activity in solution.
The antibacterial activity of the cationic, polymeric disinfectant was considerably greater
that that of the corresponding monomeric compound and was approximately equal to that
of conventional disinfectants such as benzalkonium chloride and chlorhexidine. In their
study, Klibanov et al. used a similar polymer bound to a surface.

The procedure used to bind the polymers to the surface was done as follows.
First, an NH, glass slide was acylated with acryloyl chloride followed by
copolyermization with 4-vinylpyridine. Following removal of non-bonded reactants, the
slide was placed in a 10% solution of alkyl bromide. The final step alkylates the nitrogen
on the pyridine to give a quaternary ammonium, with the alkyl chain ranging in size from
propyl to hexadecyl. The general structure of polymers is shown in Figure 9. Bacteria
were prepared and sprayed on to the surfaces using a commercial chromatography
sprayer. Using a viable count method, the antimicrobial activity was determined for each

surface.
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Figure 9: Structure of poly (4-vinyl-NV-alkylpyridinium bromide). The alkyl chain length was varied
from propyl to hexadecyl.

The viable counts from polymer surfaces with different alkyl chain lengths were
compared. Lower viable counts were the result of greater antibacterial activity of the
polymer surfaces. The largest antibacterial activity was found for propyl, butyl, and
hexylated polymers. The longer alkyl chain polymers (decyl, docecyl, and hexadecyl)
showed viable counts similar to those of non-alkylated polymers. The reason that the
shorter alkyl chains are more effective is most likely due to the weaker van der Waals
interactions relative to the longer chain systems. The hydrophobic van der Waals
interactions of the longer chains might overcome the electrostatic repulsion of the
cationic quaternary ammonium groups. The diminished electrostatic repulsion could lead
to a charge separation too small to interact favorably with the cell wall of a bacterium. In
the shorter chain molecules, the electrostatic repulsion probably dominates over the
hydrophobic attraction and might provide the correct charge separation needed to interact
favorably with the bacteria.

The possibility of the antimicrobial agent leaching from the surface was also
investigated. If leaching does occur, there will be a zone of inhibition where no bacterial
growth occurs surrounding the surface.”” To test for leaching, the bottom surface of a
Petri dish was sprayed with bacteria in addition to spraying of the antibacterial surface.
The results showed that approximately 60 colonies/cm’ grew on the dish, even in the
immediate proximity of the antibacterial surface, but only 3 colonies/cm® grew on the
antibacterial surface. The viable colony counts only provided indirect evidence that

leaching did not occur.
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The Klibanov study showed that surface-bound polycationic polymers were
effective antimicrobials. In the next study presented, a monomeric surface is shown to be

antimicrobial.

1.5.2.2 Antibacterial Surface Composed of 3-(trimethoxysilyl)-

propyldimethyloctadecyl ammonium chloride

Antibacterial surfaces composed of 3-(trimethyoxysilyl)-propyldimethyloctadecyl
ammonium chloride were developed by Isquith et al. at Dow Corning Corporation
(Figure 10).”” The antimicrobial surface, from here on referred to as Si-QAC, were
bound to a number of surfaces including siliceous surfaces, natural fibers, man-made
fibers, and metals via hydrolysis and condensation with reactive surface functional
groups. Si-QAC showed antimicrobial activity only when bound to a surface, not in free
solution. The surface-bound Si-QAC showed no evidence of leaching and remained 95%

effective after 50-four minute washings.
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Figure 10: Structure of Si-QAC.” Si-QAC demonstrated high antibacterial activity when bound to
a variety of surfaces.

The basic explanation of the mode of action for the antimicrobial effect of Si-
QAC is a disruption of membrane phenomenon such as membrane lysis, membrane
enzyme inactivation, or interference with ion transport.”* It is most likely that the site of
action occurs at the cell wall and not inside the cytoplasm.
1.5.3 Remaining Questions About Antimicrobial Surfaces

The two antimicrobial surfaces discussed in section 1.5.2 left some important
remaining questions. Most antibacterial surfaces have not been carefully characterized.
The lack of detailed characterization presents fundamental questions about the

relationship between the surface structure and antibacterial activity. How does the order
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of the surface molecules effect activity? Does a crystalline-like arrangement of surface
molecules promote or inhibit bactericidal activity? How important is the surface
concentration of the bactericidal molecules? Does the surface density of the bactericidal
molecules play a role in the antibacterial mechanism? Is there a limit to how close
together or how far apart the surface-bound bactericidal molecules need to be to
maximize antibacterial activity? Is the counter ion of the quaternary ammonium cations
important? Most of the previous studies utilized bromine or chlorine, but did not
investigate larger ions, such as iodine, or molecular anions, such as triflate.

To gain insight to these fundamental questions, self-assembled monolayers
(SAMs) of alkanethiols on gold will be used. SAMs on gold are used to create ideal
interfaces where the surface properties can be systematically changed. Properties such as
molecular order, surface coverage, density, and concentration can be altered using self-
assembly techniques. By fully characterizing the SAMs, followed by determination of
the viability of bacteria on the SAMs, insights into the fundamental relationships between
surface structure and antibacterial activity can be achieved. In the following chapter, the
motivation for using SAMs will be explained in more detail, in addition to a concise

literature review of previous SAM work.
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Chapter 2: Self-Assembled Monolayers as Model Surfaces: Motivation and
Background

2.1 Introduction

Studies of the chemical and physical processes that occur at interfaces often
require careful control of the structure and properties of the surface. Ideally, study of
natural surfaces would be straightforward and require little effort to control experimental
variables. Unfortunately, the heterogeneity of natural surfaces makes it extremely
difficult to isolate the chemical and physical processes that occur. Natural surfaces
commonly undergo reactions with environmental contaminants, such as oxidation by
atmospheric gases, which can further complicate isolation of chemical and physical
processes occurring on surfaces. To help isolate and identify the chemical and physical
processes, model surfaces are commonly used. Model surfaces enable control over
surface structure and can diminish heterogeneity and reduce environmental
contamination issues. Model surfaces also enable systematic studies into the role of
structural order, chain lengths, and functional group density on bacteria viability. One
such model system that allows for systematic studies are self-assembled monolayers of
alkanethiols on gold.

Self-assembled monolayers are composed of surfactant like molecules that self-
assemble into well-ordered structures when exposed to an appropriate substrate.

Examples of self-assembled monolayers include fatty acids adsorbed on metal oxide”"’

63, 79-95
’ and

and silver substrates,® organosilicons adsorbed on hydroxylated surfaces,
organosulfur compounds adsorbed on metals.”® The most studied and versatile of these
systems are the organosulfur compounds adsorbed to metals, specifically alkanethiols
adsorbed to gold.

The primary goal of this research project is to understand the fundamental
relationship between surface structure and the viability of bacteria. Systematic alteration
of surface structure followed by assessment of bacteria viability will help develop

understanding of the fundamental relationship. Systematic alteration will encompass

changing the ordering of the monolayer, varying the length of alkyl chains, and adjusting
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the density and surface concentration of specific functional groups. Self-assembled
monolayers (SAMs) of alkanethiols on gold are ideal for such studies because they allow

for easy control and modification of the aforementioned variables.
SAMs composed of alkanethiols adsorbed to gold have been used extensively as

model surfaces. Alkanethiol SAMs have also been used for applications including non-

98-100 101

linear optics,”’ chemical sensors, and coating technologies. The versatility of

102-106

SAMs allows for control of many surface properties including wetting, electron

% The fact that SAMs can be used for such a wide

transfer,107 and corrosion resistance.'

assortment of research areas stems from the fact that surface properties are primarily

controlled by the functional groups present at the solid/air interface of the monolayer.
Figure 11 shows the general structure of an alkanethiol SAM adsorbed to gold.

X X —] TailGroup

dAdT-

Figure 11: General structure of an alkanethiol SAM on gold. The tail group (X) can be a wide range
of functional groups compatible with thiol groups.

The sulfur, known as the head group, is chemically bonded to the gold substrate. The
alkyl chains assemble in an all trans configuration, leading to the tail group being
exposed at the interface. The tail group can be any functional group that is compatible
with the thiol head group, which includes methyl, hydroxyl, carboxylic acid, ester,
ketone, aldehyde, amine, amide, sulfate, alkene, and many more.”

Alkanethiol SAMs on gold are amenable to a large number of characterization
techniques, including reflection-absorption infrared spectroscopy (RAIRS), x-ray
photoelectron spectroscopy (XPS), ellipsometry, surface plasmon resonance (SPR),
contact angle goniometry, force microscopy, many types of electrochemistry, and more.

Such detailed knowledge of surface structure can help provide information about

chemical processes occurring at interfaces.
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2.2 Formation of Alkanethiol SAMs
The primary driving force behind the formation of alkanethiol SAMs is the strong

affinity of sulfur for transition metal surfaces,'”'"

which results from the ability of
sulfur to form multiple bonds with surface metal clusters.''* Alkanethiol SAMs have
been formed on many different metal surfaces, but the most widely used system employs
gold. Gold is used extensively because it does not form a stable oxide surface,''> which
limits atmospheric contamination.

Whitesides ef al. investigated the chemisorption of thiols onto gold in dilute
(~1mM) solutions. They found that the adsorption of alkanethiols on Au(111) occurs in

" The first phase is very fast, occurring within a few minutes.

two distinct phases.
Within this short time frame, the contact angles reach limiting values and the monolayer
thickness reaches 80-90% of the final value. The first phase is strongly dependent on
thiol concentration; the higher the concentration the less time the first stage takes to
complete. The second phase is a slow step that occurs over several hours and can be
described as a surface crystallization process. The kinetics of the second phase are
related to chain disorder, components of chain-chain interaction, and the surface mobility
of the chains. The two step mechanism has been confirmed by second-harmonic

: 11 11
generation,''’ X-ray photoelectron spectroscopy measurements,''®

119

and near-edge X-ray
adsorption fine structure.

The chemical reaction of an alkanethiol with gold is a formal oxidative addition
of the S-H bond to the gold surface followed by elimination of the hydrogen, shown in

Equation 1. The protons released combine to form H, molecules, which stems from the

120-122

fact that monolayers have been formed in the absence of oxygen. Work using

103

XPS,'** 1237123 ETIR, ' Fourier transform mass spectroscopy,'™ electrochemistry,'?” and

128, 129

Raman spectroscopy all confirm that the thiolate is the adsorbing species. The

bonding of the thiolate to gold is very strong, approximately 40 kcal/mol.'"”

Using
individual bond energies of the entire thiol molecule, a rough estimate for the net energy
of adsorption is -5 kcal/mol, which is confirmed by electrochemical data that gives -5.5
kcal/mol.'"*® The adsorption energy values show that the lowering of enthalpy is the

primary driving force for the spontaneous adsorption of alkanethiols on gold.
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Oxidative addition of alkanethiol to gold. €))

2.3 Structure of Alkanethiol SAMs

The structure of alkanethiols adsorbed to Au(111) has been investigated using a
large number of methods. The spatial orientation of the monolayers with respect to the
underlying gold lattice was studied by Strong and Whitesides'' and by Dubois."** Using
high energy electron diffraction, they determined that the symmetry of the adsorbing
sulfur atoms is hexagonal with an inter-atomic spacing of 4.97 A and a calculated area
per molecule of 21.4 A%,

Sellers et al. have shown using ab initio calculations that alkanethiolates on
Au(111) have two binding modes.''* One mode was found to have a bend angle around
the sulfur of 180° (sp hybridization) and the other mode has a 104° angle (sp’
hybridization). The latter structure was found to be more stable by 0.41 kcal/mol. The
energy barrier between the two modes is very small; only 2.5 kcal/mol. The small barrier
suggests that the thiolate may easily cross from one of the two energy minima to the
other.

The overlaying structure of alkanethiols on Au(111) is primarily (V3 x
V3)R30°,'1% 132134 which is shown in Figure 12. The overlaying structure has also been

shown to adopt a secondary organization of the chains corresponding to a c(4 x 2)

135 136

superlattice. > Work performed via experiment and theory °° have found that thiolates

bind to both the 3-fold hollow and 2-fold bridge sites of the Au(111) lattice.
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Figure 12: Lattice structure of an adsorbed alkanethiol monolayer on an Au(111) substrate. '*" The
lattice has dimensions V3 x \3 and is rotated 30° relative to the substrate lattice.

The structure of the alkane chains is driven by the lowest energy configuration
whereby the van der Waal interactions of adjacent chains are maximized. To accomplish
maximum van der Waal’s interaction, the chains adopt an all-trans, or zigzag
configuration. For a monolayer with all chains perpendicular to the substrate, the chain-
chain distance is 4.6 A."** However, the chain-chain spacing of alkanethiols on Au(111)
is 4.97 A. Because of the increased chain-chain distance, maximization of van der
Waal’s interactions cannot occur if the chains are in a perpendicular conformation. To
maximize the van der Waal’s interactions, the chains tilt away from the surface normal.
Nuzzo and coworkers studied a number of SAMs with different terminal groups,
including CHs, CH,OH, COOH, COOCH;, and CONH,.'” They determined that,
regardless of terminal group, the chains are usually tilted approximately 26-28° from the
surface normal and show an approximately 52-55° rotation about the molecular axis.

Figure 13 shows tilt and rotation angles.
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Figure 13: Orientation of alkanethiol on Au(111). The tilt angle (o) is ~26-28° and the twist angle (p)
is 52-55°'% .

2.4 Stability of Alkanethiol SAMs

The stability of alkanethiol SAMs is an important aspect of the study of bacteria
viability on surfaces. The monolayers must remain stable under the experimental
conditions encountered. Three important conditions of stability are thermal stability,
solution stability, and stability in biological media. This section will report on previous
research to establish the stability of SAMs

Hickman et al. studied the thermal stability of alkanethiols on gold and found that
hexadecanethiol desorbed from gold over the temperature range of 170-230 °C."*® Nuzzo
et al. used temperature programmed desorption of methanethiol and found a maximum
desorption temperature at approximately 220 °C."*® The two studies indicate that both
long (sixteen carbons) and short (one carbon) alkanethiols have desorption temperatures
much higher than standard room temperature. Because the maximum desorption
temperatures were much higher than the temperatures found in the natural environments
of most bacteria, alkanethiol SAMs should be thermally stable enough to be used as
model surfaces in the study of bacteria viability.

Schlenoff et al. investigated the stability of octadecanethiol SAMs on gold in

138
1.

various solvents including tetrahydrofuran, hexane, water, and ethano In the study,

they used radio labeled sulfur atoms to investigate desorption kinetics. Their results
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demonstrated that desorption rate is strongly dependent on solvent properties. In THF,
they observed almost quantitative desorption, however in water they observed 90% less
octadecanethiol desorption. They explained their observations based on the differences
in polarity between water and THF. Because octadecanethiol molecules are non-polar,
the molecules will have a greater affinity for a non-polar solvent. THF is much less polar
than water, hence the octadecanethiol molecules are more likely to desorb in THF than
they are in water.

Most relevant to the work in this thesis is the stability of alkanethiol SAMs in
biological media. Flynn ef al. studied the stability of SAMs upon long term exposure to
biological media.'””” They determined that the structure of monolayers composed
undecanethiol and tri(ethylene glycol)-terminated undecanethiol was significantly altered
during the latter stages of a 35 day exposure to both phosphate-buffered serum and calf
serum. The structural change was the result of oxidation of the sulfur moieties followed
by subsequent desorption from the surface into the surrounding liquid medium. Surface
properties such as contact angles were monitored periodically during the 35 days.
Considerable changes to the surface properties did not occur until approximately 15-20
days. The integrity of the SAM structure did not appear to be compromised upon short
term exposure.

Alkanethiol SAMs with different functional end groups have been found to
undergo structural reorganizations. Monolayers of 11-hydroxyundecanethiol on Au(111)
undergo surface reorganization by exposure to ambient atmosphere for a few hours.'*’
Using molecular dynamics simulations, Klein et al. showed that the driving for the

141, 142
’ Surface

reorganization is the formation of surface-correlated hydrogen bonds.
structure instability has also been found for mixed monolayers comprised of hydroxyl-
and methyl-terminated chains. A lower surface free energy is reached if the methyl
groups are exposed at the interface, as opposed the hydroxyl groups. The reorganization
can be offset by strong intermolecular interactions and studies of long chain alkanethiols
show that surface reorganization is a function of monolayer melting point. The final

equilibrium structure of a surface monolayer is a result of the balancing of numerous

factors; temperature, relative humidity, and adsorption at the monolayer interace.'*’
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2.5 Modification of Alkanethiol SAMs

One very useful aspect of SAMs is the ability to modify the surface structure after
the original monolayer is formed. This is accomplished using relatively simple reactions
where the SAM is placed into to a vapor or a solution of the reactant molecules.
Modifying a SAM after formation can simplify the synthesis of complicated surface
molecules whose total synthesis prior to SAM formation is extremely laborious or even
impossible. The gold-sulfur bond also protects the sulfur moiety from unwanted side
reactions that are commonly encountered during synthesis of complicated thiols.

A large number of surface modifications involve initial SAMs with reactive
terminal groups, commonly —OH and -COOH. Duevel and Corn produced amide and
ester terminated SAMs by reacting a carboxylic acid terminated SAM with gas phase

thionyl chloride.'**

The resulting acid chloride terminated SAM was further reacted with
gas phase amine to create the amide. Yan et al. reacted carboxylic acid terminated SAMs
with trifluoroacetic anhydride to form carboxylic anhydride terminated SAMs.'** The
anhydride terminated SAMs were then reacted with alkyl amines to form a 1:1 mixed
monolayer composed of carboxylic acid and amide terminal groups. Amide groups have
also been formed by the aqueous solution reaction of carboxylic acid terminal groups

with amines, catalyzed by 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC).'**

146

Suter and coworkers developed a fairly simple and versatile procedure to modify

a hydroxyl terminated SAM.'"

They reacted hydroxyl terminated SAMs with 1,4-
phenylene diisocyanate, which results in a reactive carbamate group at the interface. This
group can be further reacted with a variety of functional groups including water, alcohols,
and amines to form new interfaces. They found that reaction of the hydroxyl groups with
the diisocyanate offered near 100% conversion. McPherson et al. utilized Suter’s
procedure to create SAMs with urethane, or carbamate terminal groups.””’ The position

of the carbamate group was systematically varied to determine the role of buried

hydrogen bonding groups on monolayer structure.
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2.6 Concluding Remarks

Self-assembled monolayers of alkanethiols on gold have been shown to be ideal
systems for studying fundamental interfacial chemistry. The structure and chemical
functionality of alkanethiol SAMs can be carefully controlled, SAMs are amenable to a
large number of characterization techniques, and SAMs can be modified after formation
of the original surface. SAMs have also been shown to be stable upon short-term
exposure to biological media. The versatility and stability shown by SAMs make them
excellent model surfaces and will allow for systematic studies of bacteria viability on

surfaces.
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Chapter 3: Experimental Approach and Antibacterial Assay Method Development

3.1 Introduction

The data for the study of bacteria viability on surfaces can be divided into two
parts: surface characterization and assessment of bacteria viability on the surfaces. As
explained in Chapter 2, the primary motivation for using self-assembled monolayers
(SAMs) is the fact that they form well ordered surfaces that can be characterized and
systematically varied with a number of well established techniques. Three of the most
important surface characteristics in this study are the surface composition, the structural
ordering, and surface concentration of specific species. Reflection-absorption infrared
spectroscopy (RAIRS) and X-ray photoelectron spectroscopy (XPS) are the primary tools
used to acquire this information.

Once the surface is characterized, the next step is to assess the viability of the
bacteria on the SAM. The first step of this process is to introduce the bacteria to the
surface followed by measuring their subsequent response. The surface is characterized
again and compared to the original data to learn about any changes to the surface
structure that may be occurring as a result of reacting with the bacteria.

3.2 Reflection-Absorption Infrared Spectroscopy (RAIRS)
Reflection infrared spectroscopy is a well established tool to study surface-bound

. . 148, 149
species and reactions.

The use of gold as the substrate for the SAMs permits the
use of reflectance methods due to its highly reflective nature. The impinging infrared
photons cause the chemical bonds of the surface molecules to vibrate. By measuring the
frequency and intensity of the absorbed photons due to the chemical bond vibrations,
information such as chemical environment, structure, and functional group identity can
be elucidated.

In a typical RAIRS experiment, a beam of infrared radiation is directed towards a
surface where it interacts with the surface-bound molecules and reflects towards a set of

mirrors that send the reflected beam to a detector. Fourier transform, which is an

algorithm that deconvolutes individual cosine waves that are collected by the
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interferometer, is then used to turn the raw signal into spectra. The resulting output is
the familiar plot of absorption intensity versus wavelength, frequency, or wavenumber.
The basis for using reflection infrared instead of conventional transmission

infrared were developed by Greenler in the 1960°s.'*% 1%

He investigated both the effects
of the polarization of the light and the angle of incidence in which the light strikes the

surface. Figure 14 outlines the effects of polarization.
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Figure 14: Components of light impinging on a surface. The light can be divided into two
perpendicular oscillations. P, oscillates perpendicularly to the plane of the surface, P, oscillates
parallel to the plane of the surface.

Incoming light that is linearly polarized can be separated into two different polarizations,
S and P. The S polarization is parallel to the surface in the y direction and perpendicular
to the plane of incidence, while P represents the polarization component in the plane of
the surface normal and the propagation direction of the incident light. When the S
polarized light reflects from the surface, it suffers a 180° phase shift that results in a near
total cancellation of amplitude. The P polarized light undergoes a 90° phase shift that
results in an amplitude addition. By using a polarizer, only P-polarized light is allowed

to impinge on the surface.
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Greenler also found, by using Maxwell’s equations, that the amplitude of the p-
polarized light reaches a maximum at grazing angles of incidence (¢). Using
mathematical calculations, he established that the absorption factor increases by a factor
of 107 for 89° incidence compared to normal incidence.'”® By using the same approach,
the critical angle of RAIRS experiments using gold substrates is found to be 86°, which is
the approximate angle of incidence of all of the RAIRS experiments performed for this
project.

A consequence of the use of p-polarized light is the surface selection rule. This
rule states that only adsorption modes that have a component of their dipole moment that
is perpendicular to the surface will be excited. Modes that are completely parallel to the
surface normal do not interact with p-polarized light and are not detected.
Mathematically, the surface selection rule is expressed by Equation 2, where [ is the
intensity of the absorption mode, E is the scalar product of the electric field, and x is the
transition dipole moment relative to the surface normal. The transition dipole moment is
dependent on the spatial orientation of the vibrating molecule. Mathematically, this is
expressed in equation 3, where z is the surface normal vector and @ is the angle between

pand z. If 6=90°, cos 6=0 and the intensity of the absorption mode becomes zero.
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Figure 15: Schematic of the Bruker IFS66v/S infrared spectrometer: (A) SiC glowbar MIR source,
(B) aperture wheel, (C) interferometer (beam splitter, moving mirror, polarizer), (D) sample
chamber, (E) MCT detector chamber

All of the RAIRS work was performed using a Bruker IFS 66v/S spectrometer, as
shown in Figure 15. The IR light, generated by a SiC glowbar MIR source (A), is passed
through a polarizer, and sent to the surface at an incident angle of 86°. After reflection
from the surface, the radiation is collected by a liquid N, cooled MCT (mercury-
cadmium-telluride) detector (E). To enhance the signal-to-noise ratio, the light is passed
through a wire grid polarizer. The polarizer allows use of only P polarized light, whose
amplitude is augmented upon reflection. All spectra are generated in comparison to a
background reference, which for these experiments is a clean gold substrate. The spectra
were collected using a resolution of 2 cm™ and are the average of 100 scans.

To avoid contamination by atmospheric molecules such as water or carbon
dioxide, the RAIRS experiments are performed under vacuum conditions. The sample
chamber and interferometer housings are kept at a pressure of 18 mbar by a Vacuubrand
diaphragm pump (MD4, pumping speed 1.04 L/s) when nitrogen is flowing. The IR
radiation from the glowbar source is reflected from a gold coated parabolic mirror (focal
length 180 mm) and through an aperture that spatially filters the IR beam so that the

detector element is not saturated with light. The collimated beam the passes through a
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Zn-Se wire-grid polarizer that selects the p-polarized component of the IR radiation.
The p-polarized IR radiation is then directed through the interferometer and sent into the
sample chamber through a KBr window.

The sample compartment is housed separately from the optics and the detector
and is connected to them by two KBr windows. The isolation of the sample compartment
allows for ease of sample introduction and helps protect the sensitive optical equipment.
Samples are placed on an aluminum block that is affixed to an optical mount with the use
of forceps. The final focal mirror in the source chamber (focal length 250 mm) directs
the IR beam towards the sample at grazing incidence of ~86°. Upon reflection from the
sample surface, the radiation is passed through the second KBr window and into the
detector chamber. Here, the IR beam is reflected from a series of flat, gold coated
mirrors onto a final parabolic mirror (focal length 43 mm) which sends the beam to the
MCT detector.

To ensure the proper performance and function of the spectrophotometer, great
care must be given daily. Routine maintenance and careful optic and sample alignments
are necessary to ensure the quality of the spectra. If the sample is not properly aligned so
that the surface is perpendicular to the incident IR beam, artifacts such as a sine-wave
containing baseline may result.">® This problem can be avoided by assuring that both the
background and sample slide are positioned properly. If sine-wave containing baselines
occur, they can be corrected by using the baseline correction function of the OPUS
software. However, one must be careful not to accidentally eliminate important spectral
peaks when using the baseline correction feature.

The quality of the spectra can also be affected by the condition of the MCT
detector. The detector is a semiconductor and operates on the process of electron
production from valence bands to conduction bands when infrared photons are absorbed.
The electrons in the conduction band respond to an applied voltage by producing an
electric current. The current is a measure of the number of promoted electrons and is
directly proportional to the number of infrared photons striking the detector. The spectral
response and signal-to-noise ratio (S/N) of the detector change with temperature. The
number of background photons striking the detector increases with increasing

temperature as a result of heat given off by the detector. The response of the spectra to
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this phenomenon is a shift to shorter wavelengths. To help eliminate the problem of
background photons, the MCT detector is equipped with a vacuum jacketed liquid
nitrogen dewar that helps to maintain a cold shield surrounding the photoconductive
detector. Over time, the vacuum is lost and must be re-obtained to avoid “icing” issues.
The loss of vacuum causes the partial pressure of water in the shield to increase and can
cause large spectral artifacts in the region of 3000-3600 cm™. To control icing issues, the
detector jacket needs to be re-evacuated about every six months. Evacuation is
completed by using an adapter valve (InfraRed Associates) to connect the detector jacket
to a turbomolecular pump (Varian Model 969-9008, pumping speed 250 L/s). Pumping
on the vacuum jacket for a few days can bring the pressure to approximately 10° or 107
Torr. After evacuation, the detector will remain in optimal condition for several months.
In work to be discussed in Chapter 4, RAIR spectra provide information about the
ordering of the surface molecules and the identity of surface-bound functional groups.
The RAIR spectra also provide evidence of surface chemical reactions and alteration of

surface properties after interaction the bacteria.

3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy, also known as electron spectroscopy for
chemical analysis (ESCA), is a powerful analytical tool that allows analysis of the surface
atomic composition, formal oxidation state of the atoms, and the local physical and
chemical environment. In an x-ray photoelectron experiment, the samples are placed in a
vacuum environment and irradiated with photons in the energy range of 0 to 2000 eV.
The basis of the technique relies on the exchange of energy between the incoming
photons and the core energy level electrons of the surface atoms. X-ray photons have
sufficient energy to cause core level electrons to be ejected from the atom, as shown in
Figure 16. The kinetic energy (Ey) of the escaping electrons can be calculated, as shown
in Equation 4, where (Av) is the x-ray photoelectron energy, (Ej) is the electron binding
energy, and (E,,) is the work function of spectrometer.

E.,=hv-E,—E, (4)
Each core level electron from a different atom has a different binding energy. The

identity and atomic composition of the surface can be determined from the different
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binding energies. Different chemical environments of the core electrons cause small
changes in the binding energies. The small binding energy shifts allow for the

determination of specific oxidation states of the atoms.
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Figure 16: Example energy diagram for the photoelectric effect in XPS. X-ray photons cause core
level electrons to be ejected from the atom.

XPS can also be used to determine the relative concentrations of the constituents
of interest.  Relative concentration determination is based on the following
relationship:'*!

For a homogeneous sample, the number of photoelectrons per second in a specific
spectra peak is given by:

I = nfogyAAT Q)
where 7 is the number of atoms of the element per cm’ of the sample, fis the x-ray flux in
photons/cm?*/sec, o is the photoelectric cross-section for the atomic orbital of interest in

cm’, ¢ is an angular efficiency factor for the instrumental arrangement based on the angle
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between the photon path and detected electron, y is the efficiency in the photoelectric
process for formation of photoelectrons of the normal photoelectron energy, 4 is the mean
free path of the photoelectrons in the sample, A4 is the area of the sample from which the
photoelectrons are detected, and T is the detection efficiency for electrons emitted from
the sample.
Rearranging Equation 5 to solve for the number of atoms of the element in
question gives:

1
n=—— (6)
foyAAT
The denominator of equation 6 can be defined as the atomic sensitivity factor, S, and can
be determined for every element and is specific to each spectrometer system. The

percent concentration of a specific atom can then be determined using the following ratio:

_on, _ 1./S,
X_Zni_ZIx/Sx

To ensure accurate results using this technique, it is important to check the spectrometer

C

(7

operation frequently to ensure that the analyzer response is constant and optimum.

XPS work was performed on a Perkin Elmer 5400 X-ray Photoelectron
Spectrometer equipped with a monochromatized Mg(Ka) radiation source (1253.6 eV)
and a positron sensitive, multi-channel plate detector. The measurements were taken at a
pressure of less than 5 x 107 Torr and a take-off angle of 15° with respect to the surface
normal. Binding energies are referenced to the Au 4f"* peak at 83.9 eV. Unless
otherwise noted, survey spectra were recorded with a pass energy of 89.45 eV for ten
minutes on a Imm x 3.5 mm spot size and 250 W electron beam power. High resolution
multiplex scans were taken with varying parameters that will be given in later
experimental discussions.

The XP spectra that will be discussed in Chapter 4 provide both qualitative and
quantitative information about the composition of the self-assembled monolayers.
Specific chemical species and their respective oxidation states are identified based upon
measurement of the electron binding energies. Calculation of peak areas and intensities

provide data to determine the atomic percent composition of the surfaces. Comparison of
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the calculated atomic percent composition to predicted composition help determine the
extent of surface chemical reactions and the resulting approximate surface concentration

of specific chemical species.

3.4 The Antibacterial Assay

After surface characterization, the viability of bacteria upon the surfaces is
assessed. The most common method of determining the ability of a surface to kill
airborne bacteria involves spraying an aerosolized bacteria suspension on to the surfaces,
adding a growth media, incubating overnight, and counting the number of resulting
colonies that have grown on the surface. The viable count method was employed in the
Klibanov pyridinium polymer studies mentioned in the Chapter 1.”° A variation of the
viable count method is used in this study to determine the viability of bacteria on the self-

assembled monolayers.

3.4.1 Details of the Antibacterial Assay
3.4.1.1 Materials

Absolute ethanol was obtained from Aaeper Alcohol and Chemical Co. 16-
mercaptohexadecanoic acid (90%), 1-hexadecanethiol (92%), and 11-mercapto-1-
undecanol (97%), were purchased from Sigma-Aldrich and used as received. 1H, 1H,
2H, 2H-perfluorodecanethiol was purchased from Oakwood Products, Inc. and used as
received.

Escherichia coli (strain JM109) was purchased from New England Bio Labs.
Tryptone and yeast extract were purchased from Difco. Sodium chloride, sodium
dodecyl sulfate (99%), ammonium sulfate, potassium hydrogen phosphate, potassium
dihydrogen phosphate, and sodium citrate dihydrate were purchased from Fisher
Scientific and used as received. Media used in the preparation of bacteria had the
following compositions:

2XYT: 16 g tryptone, 10 g yeast extract, 5 g NaCl in 1 L of deionized H,O
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LB: 10 g tryptone, 5 g yeast extract, 10 g NaCl in 1 L of deionized H,O
Spizizen Mineral Salts: 2 g NH4SOy4, 14 g K;HPO4, 6 g KH,PO4, 1 g NazCH3;CH,COO -
2H,0 in 1L of deionized water.
3.4.1.2 Preparation of Self-Assembled Monolayers

Gold substrates were purchased from EMF Corporation (Ithaca, NY). The
substrates were prepared by evaporation of a 5 nm titanium or chromium adhesion layer
onto a silica substrate, 17 x 17 x 0.62” or I cm x 1 cm x 1 mm, followed by coating with
100 nm of gold. The substrates were cleaned in “piranha solution”, a 7:3 mixture of
H,SO4 (concentrated) / H,O, (30%) ( “piranha solution” is an oxidizing mixture that can
be explosive) for one hour at room temperature. The substrates were removed form
piranha, rinsed with copious amounts of deionized water (Millipore Purification Systems,
18.2 MQ), dried with ultra-high pure nitrogen, and placed in a 1 mM ethanolic solution
of the desired thiol for 18-24 hours. Prior to analysis, the gold slides were removed from
the thiol solution, rinsed with absolute ethanol and deionized water, and finally dried in a
stream of ultra-pure nitrogen.
3.4.1.3 Preparation of Bacteria

One of the most important procedures employed in the antibacterial assay
experiments, or any bacteria experiment, is the use of aseptic techniques. All glassware
used is autoclaved prior to use to kill any unwanted bacteria. All chemicals that come
into contact with the bacteria, including growth media, buffers, and water, are autoclaved
prior to use. Chemical and bacteria transfers are done under an open flame which causes
an updraft that prevents airborne bacteria from entering open containers.

All of the bacteria used in the viability studies are Escherichia coli (Strain
JM109). Until needed, the bacteria are stored frozen at -80° C. The bacteria are revived
by incubating at 37° C overnight on a plate of LB growth agar . For each assay, bacteria
from the LB agar plate are transferred by a wire ring to 5 mL of 2XYT growth media.
The bacteria are then incubated at 37° C and mechanically stirred at 300 RPM for at least
3 hours. After incubation, the concentration of the bacteria is measured by optical
density at 600 nm on a Spectronic Genesis 5 UV-Vis spectrometer. The culture is then
adjusted so that the optical density is 0.1, where it is assumed that an optical density of

152

0.1 at 600 nm is equal to a concentration of 1 x 10° cells/mL. The bacteria is then
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further diluted to 1 x 10° cells/mL by taking 10.0 uL of the bacteria and adding it to 10.0
mL of SMS buffer (Spizizen Mineral Salts containing 2g (NH4),SO4, 14g K;HPOy, 6g
KH,PO,, 1g Na;CH,CH,COOH - 2H,0 in 1L H,0).

The bacteria are sprayed onto the surfaces using a 50 mL chromatography sprayer
from VWR. The sprayer is hooked up to an airline that is filtered through a 0.2 um filter
that prevents any bacteria in the airline from reaching the sprayer. When the air is turned
on, the aerosol spray is produced when the air exit hole of the sprayer is covered. The
flow rate of the spray is controlled by changing the flow rate of the air. Before the
bacteria are sprayed, the sprayer is first sterilized by spraying pure ethanol for a
minimum of 30 seconds. Sterile deionized water is sprayed next to remove the ethanol,
followed by the bacteria solution. Before spraying onto the surfaces, the bacteria solution
is sprayed into a waste container for 10 to 15 seconds to ensure only the bacteria solution
is exiting the sprayer and not any water left over from the rinsing step.

The antibacterial assays are performed in a standard fume hood. The surfaces are
first removed from their thiol solution, rinsed with pure ethanol, dried with air, and
placed into sterile Petri dishes that are then covered until ready for spraying. The
arrangement of the surfaces in the dishes was varied for different experiments.

3.5 Antibacterial Assay Method Development

The lack of a literature precedent in using the modified viable count method
resulted in trial and error to develop and understand the experimental factors that affect
the results. The following experimental details and results discuss the progress in

developing this method.

3.5.1 Initial Assays

The initial assays investigated self assembled monolayers of 16-
mercaptohexadecanoic acid and 1-hexadecanethiol, which are examples of hydrophilic
and hydrophobic surfaces, respectively.  For the rest of the manuscript, the SAMs used
will be abbreviated in the following way: ##-C XXXX-T, where ##-C refers to the
number of carbons in the alkyl chain and XXXX-T refers to the functional group at the
terminal end of the molecule. With this labeling, 16-mercaptohexadecanoic acid would

be 16-C COOH-T and 1-hexadecanethiol would be 16-C CH;3-T. In the first assays, a one
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square inch surface sample was placed into a 2.75 cm radius Petri dish. The bacteria
were sprayed on the surface by passing the sprayer over the surface twice so that a
complete coverage was visually evident. 10 mL of melted LB agar (5 g tryptone, 2.5 g
yeast extract, 5 g NaCl, 3.75 g agar in 500 mL H,O) was immediately poured into the
dish, but not directly on the surfaces. After pouring, the agar completely covered the
bottom of the dish, including the surface. The Petri dishes were then re-covered and the
agar was allowed to cool and solidify. The dishes were then incubated at 37°C overnight.

Bacteria that remain viable on the surface multiply and form colonies. Each
colony is known as a “colony forming unit”, or CFU. The colonies grow until the
available nutrients are extinguished. Each colony forms a whitish, circular spot on the
surface that can be seen with the naked eye. After incubating, the bacteria colonies were
counted using the Alphalmager Imagining System from Alpha Innotech. The system is
equipped with the AlphaFEase image analysis software. This program contains a colony
counting feature that counts the visible colonies based on the contrast between the
colonies and the surface. The Petri dish is placed into a light box and an image of the
surface is taken by a digital camera, followed by manual software processing.

The results of the first assay are shown in Table 1 along with the images taken
using the Alphalmager software, shown in Figure 17. The experiment was repeated three
times for a total of four trials. Each experiment tested three acid terminated and two
methyl terminated SAMs. Because of the variations in experimental conditions from day
to day, such as temperature, humidity, flow rate of the bacteria spray, amount of spray
that covers the surface, and exact starting concentration of the bacteria solution, the
counts from assay experiments performed on different days cannot not be directly
compared. To be able to compare the values, the percent difference between the acid
terminated surface count and the average of the methyl terminated counts are reported. A
positive percent difference indicates more colonies on the COOH-T SAM, whereas a

negative percent difference indicates fewer colonies on the COOH-T SAM.
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16-C CH,-T SAM

Figure 17: Initial antibacterial assay images. Each bright spot is a colony-forming-unit (CFU). One
CFU is representative of a viable bacterium.
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Assay #: 1 Assay #: 2

Surface Count |% Diff Surface Count (% Diff
COOH-T #1 306 67% COOH-T #1 31 -79%
COOH-T #2 236 29% COOH-T #2 78 -48%
COOH-T #3 220 20% COOH-T #3 98 -34%
CH3-T #1 183 CHs-T #1 132

CH5-T #2 X CH3-T #2 167

Avg CH; 183 Avg CH; 150

Avg COOH 254 39% Avg COOH 69 -54%
St. Dev COOH 46 25% St. Dev COOH 34 23%
Assay #: 3 Assay #: 4

Surface Count |% Diff Surface Count |% Diff
COOH-T #1 417 116% COOH-T #1 344 -34%
COOH-T #2 376 95% COOH-T #2 498 -4%
COOH-T #3 346 79% COOH-T #3 387 -26%
CH5-T #1 152 CH5-T #1 520

CH5-T #2 234 CH5-T #2 X

Avg CH; 193 Avg CH; 520

Avg COOH 380 97% Avg COOH 410 -21%
St. Dev COOH 36 18% St. Dev COOH 79 15%

Table 1: Viable colony counts from the initial antibacterial assays. The %Diff values are the percent
difference between the average counts of the COOH-T SAMs and the average count of the CH;-T
SAMs.

The data exhibits a very large variation from experiment to experiment. The
average of all of the percent differences is 15% with a pooled standard deviation of 21%.
The resulting relative standard deviation (RSD) is 1400 parts per thousand! The large
RSD is a clear indication that the initial assays had a random errors too large to provide
reproducible results. To try to eliminate some of the factors that could be causing the

errors, a new set of assays were performed using one square centimeter surfaces that were

44



all placed in the same Petri dish. The placement of the surfaces in the same Petri dish
would help eliminate differences in the amount of bacteria sprayed and spray rates
encountered when using separate dishes for each surface. The surfaces were setup in the

dish as displayed in Figure 18.

Figure 18: Layout of SAMs in a Petri dish using one square centimeter sized gold slides. Positions 1,
2, and 3 were 16-C COOH-T SAMs and positions 4 and 5 were 16-C CH;-T SAMs. The surfaces in
the same dish were all sprayed before the agar was added. Table 2 shows the results of the second set

of assays

Assay #: 1

Surface Count % Diff
COOH-T #1 46 -56%
COOH-T #2 53 -50%
COOH-T #3 41 -61%
CH5-T #1 105

CH5-T #2 X

Avg CH5-T 105

Assay #: 2

Surface Count % Diff
COOH-T #1 56 -57%
COOH-T #2 49 -62%
COOH-T #3 45 -65%
CH5-T #1 122

CH5-T #2 138

Avg CH5-T 130

Table 2: Assay results for COOH-T and CH;-T SAMs which were placed in the same Petri dish.
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The second set of assays had less variation than the first. The mean percent
difference of the second set of assays was -59% with a pooled standard deviation of 5%.
The relative standard deviation is 86 ppt, which is 1528% less than the RSD of the first
tests. By placing the surfaces in the same Petri dish, it appears some of the variation has
been reduced.

The next set of assay experiments investigated two new surfaces in addition to the
16-C CH;3-T and 16-C COOH-T SAMs; 16-mercaptohexadecanol (16-C OH-T) and 1H,
1H, 2H, 2H-perfluorodecanethiol (10-C CF;-T). The two new SAMs introduce two new
variables. The perfluorinated SAMs have a tilt angle (a) closer to the surface normal
than alkylated SAMs because of the increased volume of the fluorinated groups.'>® The
different tilt angle of the perfluorinated SAM might demonstrate if surface molecular
orientation has an effect on bacteria viability. The hydroxyl terminated SAM is an
example of a known solution antimicrobial agent, ethanol, being covalently tethered to a
surface. The antibacterial assay will determine if covalently tethering a hyrdroxy group
to a surface alters the antibacterial activity.

The surfaces were arranged in the same manner as shown in Figure 18 with
positions 1, 2, and 3 all being either the COOH, OH, or CFs-T surfaces and positions 4
and 5 being the CH3-T surfaces. Percent differences were again taken in reference to the
average CH;-T counts from each dish. Table 3 shows the data for the third set of

antibacterial assays.
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Assay #: 1]

Dish 1 Count % Diff Dish 2 Count % Diff Dish 3 Count % Diff
COOH-T #1 53 -40%|OH-T #1 57 -44%|CF3-T #1 38 -8%
COOH-T #2 89 0%|OH-T #2 64 -38%|CF3-T #2 59 42%
COOH-T #3 123 38%|OH-T #3 76 -26%|CF3-T #3 65 57%
Avg COOH-T 88 -1%|Avg OH-T 66 -36%|Avg CF3-T 54 30%
St.Dev. COOH-T 35 39%|St.Dev. OH-T 10 9%|St.Dev. CF3-T 14 34%
CH3-T #1 88 CH3-T #3 118 CHS3-T #5 58
CH3-T #2 90 CH3-T #4 87 CH3-T #6 25
Avg CH3-T 89 Avg CH3-T 103 Avg CH3-T 42
Assay #: 2|

Dish 1 Count % Diff Dish 2 Count % Diff Dish 3 Count % Diff
COOH-T #1 60 4%|OH-T #1 54 -22%|CF3-T #1 54 7%
COOH-T #2 60 4%|OH-T #2 70 1%|CF3-T #2 40 31%
COOH-T #3 47 -18%|OH-T #3 46 -33%|CF3-T #3 17 -44%
Avg COOH-T 56 -3%|Avg OH-T 57 -18%|Avg CF3-T 37 21%
St.Dev. COOH 8 13%|St.Dev. OH-T 12 18%]|St.Dev. CF3-T 19 61%
CH3-T #1 59 CH3-T #3 57 CH3-T #5 33
CH3-T #2 56 CH3-T #4 81 CH3-T #6 28
Avg CH3-T 58 Avg CH3-T 69 Avg CH3-T 31

Table 3: Assay data testing COOH-T, OH-T, and CF;-T SAMs.

dishes as shown in Figure 18.

The surface were arranged in the

The data from third set of antibacterial assays again begin to show a very large variance

from which no significant conclusions can be made.

Calculating the pooled standard

deviation and relative standard deviation, shown in Table 4, for the three surfaces reveals

significant random error.

COOH-T OH-T CF3-T
Pool. SD 29% 14% 50%
RSD -14500 -519 1923

Table 4: Variation statistics for data from Table 3.

The large variability in the results is likely due in part to the use the methyl terminated

SAMs as the reference. It is not certain that each surface forms monolayers of equal

quality. Some monolayers may have more defects that could affect the number of viable

bacteria. To eliminate this possible source of error, the next assays performed used clean

gold slides as the reference surface. The gold reference slides were cleaned in piranha
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solution and stored in deionized water prior to the assay. Three SAMs were placed in a
Petri dish with one clean gold slide. Each surface was sprayed with bacteria, the dish was
covered, and after 45 seconds the melted agar was added. Each assay tested the 16-C
CHs, COOH, OH, and 10-C CF5 terminated SAMs. The experiment was repeated seven
times for a total of eight trials. For each SAM, the percent difference between the colony
count for the SAM and the colony count for the clean gold reference surface was
determined. The average percent difference and pooled standard deviation were
determined using all of the percent differences for each of the four SAMs investigated.

Table 5 reports the statistical data.

End Grp Mean % Diff Pooled St.DEV
CH;, 18% 25%
COOH 0% 24%
OH 40% 25%
CF4 -4% 15%

Table 5: Mean percent difference of average SAM colony counts from clean gold colony counts.
Pooled standard deviations are from data of 8 experiments.

The data in Table 5 is displayed graphically in Figure 19. The overlapping error bars of
the data indicate that the experimental error is too great to detect differences in bacteria
viability for the four SAMs investigated. A more powerful way to determine the

existence of statistical differences is the analysis of variance test, or ANOVA.
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Figure 19: Graphical representation of the data in Table 5. The error bars represent the standard
deviation for eight replicate analyses. The large, overlapping error bars indicate that the experiment
was not able to quantify the effect of surface composition on bacteria viability.

3.6 Analysis of Variance Tests (ANOVA)

A more powerful tool for testing variances among samples that undergo different
treatments is the Analysis of Variance, or ANOVA. ANOVA can separate and identify
variances caused by random error and controlled or fixed-effect error."”* ANOVA can
also be used to separate more than one source of random variation, known as a random-
effect or uncontrolled factor. When there is one factor, either random or controlled, in
addition to the random error, the ANOVA test is called a one-way ANOVA. When there
are two random or controlled factors in addition to the random error, the ANOVA test is
called a two-way ANOVA.

The mathematics of the one-way ANOVA are based on data arranged as shown in

Figure 20.
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Figure 20: One-way ANOVA table

The hypothesis is tested in ANOVA by using the F-test to test for variances between
standard deviations. The null hypothesis is generally that all of the sample means are
equal, meaning that there is no deviation. The variances compared by the F-test are
derived as follows. A variance is defined as the square of the standard deviation. With
an ANOVA test, there are three sums of squares that need to be defined. The first one is
called the total sum of squares (SSTO) and is the sum of the squared deviations of the

observations from the overall mean.

SSTO =33 (x, - x)’ 8)
The second sum of squares is the treatment sum of squares (SSTR). This is defined as
the sum of the squared deviations between the sample means and the overall mean.
SSTR = n,(x1 —x)> +n,y(x2 = x)> +---+n, (X —x)° )
The final sum of squares is the error sum of squares (SSE). This is defined as the sum of

the squared deviations from each observation from its own sample mean.

SSE =" (x, - x:)’ (10)
It can be shown that the total sum of squares is equal to the sum of the treatment and
error sum of squares: SSTO = SSTR + SSE.
The F-test performed by ANOVA is calculated with the ratio of the treatment mean
square (MSTR) with the error mean square (MSE). The treatment mean square is equal

to the treatment sum of squares divided by the number of treatments (number of columns)
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minus 1. The error mean square is the error sum of squares divided by the number of
observations minus the number of treatments (columns).

MSTR _ SSTR /(k —1)
MSE ~ SSE [(n—k)

a1

The division of the SSTR by k-1 and SSE by n-k gives a ratio that has an F distribution if
the null hypothesis is true. This ratio is then compared to the standard accepted value
found for the specific degrees of freedom at the confidence level of interest. If the
calculated value exceeds the critical value, then the null hypothesis is rejected, meaning
that there is a significant difference between the sample means that cannot be explained
by random error.

The one-way analysis of variance was performed on the data from the 16-C CHj,
COOH, OH, and 10-C CF3-T samples to see if there was significant variation in percent
difference values from day to day, or the between-run reproducibility. The null
hypothesis for this experiment states that there is no significant variation in the percent
difference values between-runs (days). The F-test was performed at the 95% confidence
level (F=0.05). Tables 6-9 give the ANOVA results calculated using Microsoft Excel.

Anova: Single Factor 16-C CH3-T

SUMMARY
Groups Count Sum Average Variance

Assay1 3 1.07 0.357 0.201
Assay?2 3 -0.41 -0.137 0.029
Assay3 3 0.07 0.023 0.135
Assay4 3 1.38 0.460 0.030
Assayb 3 0.46 0.153 0.006
Assay6 3 0.43 0.143 0.023
Assay7 3 1.27 0.423 0.039
Assay8 2 -0.22 -0.110 0.010
ANOVA

Source of Variation SS df MS F P-value F crit
SSTR 1.05 7 0.151 2.418 0.072 2.707
SSE 0.94 15 0.062
SSTO 1.99 22

Table 6: 16-C CH;-T ANOVA results
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Anova: Single Factor

16-C COOH-T

SUMMARY
Groups Count Sum Average Variance
Assay?2 3 -0.140 -0.047 0.036
Assay3 3 -0.510 -0.170 0.020
Assay4 3 -0.270 -0.090 0.062
Assayb 2 1.000 0.500 0.045
Assay6 3 0.970 0.323 0.349
Assay7 3 -0.830 -0.277 0.014
Assay8 3 -0.020 -0.007 0.063
ANOVA
Source of Variation SS df MS F P-value F crit
SSTR 6 0.193 2.218 0.108 2.915
SSE 13 0.087
SSTO 2.29 19
Table 7: 16-C COOH-T ANOVA results
Anova: Single Factor 16-C OH-T
SUMMARY
Groups Count Sum Average Variance
Assay?2 3 0.490 0.163 0.039
Assay3 3 1.280 0.427 0.099
Assay4 3 0.960 0.320 0.067
Assay5 3 0.920 0.307 0.091
Assay6 3 0.690 0.230 0.030
Assay7 3 2.490 0.830 0.011
ANOVA
Source of Variation SS df MS F P-value F crit
SSTR 0.85 5 0.170 3.013 0.055 3.106
SSE 0.68 12 0.056
SSTO 1.53 17

Table 8: 16-C OH-T ANOVA results
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Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
Assay1 3 -0.720 -0.240 0.011
Assay?2 3 -0.340 -0.113 0.001
Assay3 3 -0.420 -0.140 0.024
Assay4 3 -0.300 -0.100 0.033
Assay5 3 0.640 0.213 0.039
Assay6 3 0.140 0.047 0.035
Assay7 3 0.240 0.080 0.013
ANOVA
Source of Variation SS df MS F P-value F crit
SSTR 0.435 6 0.072 3.267 0.032 2.848
SSE 0.311 14 0.022
SSTO 0.745 20

For every SAM tested except for the CF3-T, the calculated F value was less than
the critical F value, as shown in Table 10. The F-test values imply that the mean percent
difference values for the methyl, carboxylic acid, and hydroxyl terminated SAMs,
determined by experiments on different days, are not statistically different at the 95%

confidence level. To determine if the average percent difference values of the different

Table 9: 10-C CF;-T ANOVA results

SAMs are statistically different, a two-way ANOVA test was performed.

Table 10: Summary of F-test values for one-way ANOVA. Only the CF;-T SAM had F-calc greater

The two-way ANOVA setup is very similar to the one-way setup, shown in

Figure 21.

SAM F-calc F-crit

CH5-T 242 2.71
OH-T 3.01 3.11
COOH-T 2.22 2.92
CF5-T 3.27 2.85

than F-crit.
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Figure 21: Two-way ANOVA setup

In this setup, the rows are designated as the blocks and the columns as the treatments.
The F-test proceeds similarly to the F-test for the one-way ANOVA, but with one new
term called the block sum of squares (SSB), which is defined as the sum of the squared

deviations of the block means from the overall mean. For k& treatments in block i,
i=1,2,...,b,

SSB=Y">"(xi—x)" =Y k(xi —x)’ (12)
For the two-way ANOVA, the error sum of squares is now equal to the total sum of
squares minus the treatment sum of squares minus the block sum of squares.

SSE = SSTO — SSTR — SSB (13)
The two-way ANOVA then performs the F-test on both the between treatment (column)
interaction and the between block (row) interactions. For the experiments discussed here,
the treatments were the four different types of SAMs and the blocks were the different
test days. The between treatment F-test is performed by calculating F using the following
equation:

_ SSTR/(k-1) _ MSTR
SSE [(k-1)(b—1) MSE

(14)

where k is the number of treatments, b is the number of blocks, MSTR is the treatment
mean square and MSE is the error mean square. If the calculated F value is greater than

the critical F value for the desired confidence and degrees of freedom, then there is a
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statistical difference between the means of the treatments. The between block F-test is
performed similarly:

_ SSB/b-1) _ MSB
SSE [(k—1)(b—1) MSE

15)

where MSB is the block mean square. Again, if the F value is greater than the critical F
value, then there is a statistical difference between the means of the blocks.

For the experiments performed here, the blocks were the different days the
experiments were performed and the treatments were the different surfaces used in the
assays. The two-way ANOVA will verify if there is a statistical distance among the
results obtained on different days and if there is a statistical difference among the results
obtained for the different surfaces used. Table 11 shows the data used in the ANOVA
calculation. Not all the results from each of the eight test days were used because some
of the trials on the days not listed had poor results stemming from gross errors, such
improper spraying technique or the gold slides becoming detached from the bottom of the
Petri dish, which resulted in the slides floating in the agar. The experimental data used
had a result for each of the three trials for all four SAMs. Table 12 shows the two-way
ANOVA calculations.

CH3 COOH OH CF3
Day 2 15% 9% 23% 9%
4% 16% 32% 11%

-30% -21% 6% -14%

Day 3 22% 7% 43% 4%
25% -3% 74% 6%

-40% -31% 11% -32%

Day 4 56% 29% 3% 5%
56% 19% 40% 5%

26% -17% 53% -30%

Day 6 17% 90% 51% 13%
28% -28% 45% 44%

2% 35% 4% 7%

Day 7 38% 1% 43% 26%
64% -24% 12% 4%

25% -18% 14% -8%
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ANOVA

Source of Variation SS df MS F P-value F crit
Blocks 0.550 4 0.137 2.299 0.076 2.606
Treatments 1.198 3 0.399 6.682 0.001 2.839
Interaction 1.245 12 0.104 1.737 0.095 2.003
Residual 2.390 40 0.060
Total 5.384 59

Table 12: Two-way ANOVA calculations

The interaction row is random error between replicate samples for a specific SAM
on one test day. The calculated F value is less than the critical F value indicating that
there is no significant interaction error among the daily replicate samples (1.737 <2.003).
The between blocks, or between days variation has a calculated F value less than the
critical F (2.299 <2.606). This agrees with the one-way ANOVA results discussed prior,
indicating that there is no significant variation between the different test days. The
between treatments, or between different SAMs variation has a larger critical F than
calculated F (6.682 > 2.839). The larger F-critical value indicates that there is a
demonstrated significant difference between the data of the different SAMs. Based on
the significantly different results, it could be possible to conclude that the structure of the
SAMs assayed has an effect on the viability of the bacteria.

3.7 Discussion

This result obtained from the one-way and the two-way between block ANOVA
tests contradict the variance reported by the pooled standard deviation in Table 5. One of
the key assumptions of the ANOVA test is that the population standard deviation has a
Gaussian distribution. However, without a sufficient number of replicate samples one
cannot be totally certain that the population standard deviation obeys the Gaussian
distribution assumption because not enough measurements were taken.

Confidence limits can provide a reliable indication of the variation among
replicate data. Large confidence limits indicate more replicate measurements are needed
to obtain the true value of the data. Confidence limits for a population mean are

calculated using Equation 16:

CL=x+-2 (16)
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where o is the sample standard deviation, x is the sample mean, N is the number of
replicate measurements, and z is a statistical parameter that changes based on the
confidence level percentage. Table 13 lists the confidence limits for the four SAMs
tested at the 95% confidence limits with z=1.96. The data can be interpreted by stating
that 95 times out of 100 the real percent difference will fall within the range indicated by

the confidence limits.

End Grp Mean % Diff Pooled St.DEV 95% Conf Lim. For a 1% CL

CH3 18% 25% 10.22% 2401
COOH 0% 24% 9.81% 2213
OH 40% 25% 11.24% 2401
CF3 -4% 15% 6.42% 864

Table 13: 95% confidence limits for four SAMs tested via the antibacterial assay. The large limits
signify that there was large random error in the analyses.

The confidence limits are rather large and indicate that the true percent differences could
be anywhere over a large range. To lower the confidence limits, more replicate
measurements are needed. The last column of Table 13 gives the number of replicate
measurements one would need to achieve a one percent confidence limit for each of the
four surfaces studied. The numbers indicate that many more replicate measurements are
needed to obtain the “true” values.

The large variation in the percent difference data from the antibacterial assay are
caused by a combination of multiple sources of error. Environmental variation, including
temperature and humidity, were not controlled for each experiment. Bacteria are affected
by changes in environmental conditions; however, the differences in the environmental
variables might not be large enough to significantly contribute the variation in the data.
The most significant contribution to the variation of data is likely from the considerable
number of experimental variables. The most important variable is the actual number of
bacteria initially sprayed onto the surface. Although the concentration of bacteria in
solution is controlled, the amount sprayed onto the surface is dependent on a number of
factors. The air flow rate through the sprayer was not measured and might have been
different for each experiment. The rate at which the sprayer was passed over the surface
varied, as did the angle of the spray relative to the surface. Control over the experimental

variables was very difficult and most likely led to the large data variation observed.
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In addition to the observed data variation, all of the SAMs possessed little to no
antibacterial activity. The lack of antibacterial activity can be explained by the fact that
none of the four SAMs tested possessed any known antibacterial functionality. Surface-
bound antibacterial molecules normally contain cationic groups that disrupt the outer cell
membranes of the bacteria which initiate the death of the cell. The four SAMs tested did
not contain any cationic groups. Because the SAMs did not contain any antibacterial
properties, the viability of the bacteria on the SAMs was probably an adhesion
phenomenon.

The antibacterial assay experiments provided little data to gain insight about the
viability of bacteria on the limited set of SAMs tested. The conclusion of the initial
assays is that E. coli is viable on well-ordered methyl, hydroxyl, carboxylic acid, and
trifluoro terminated SAM. In the next chapter, the antibacterial assay will be used to
show that a carboxylic acid terminated SAM, complexed with a known antibacterial

agent, silver ions, is antibacterial.
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Chapter 4: Antibacterial Silver Carboxvlate Self-Assembled Monolavers

4.1 Introduction

In Chapter 1, two previously studied antibacterial surfaces were discussed along
with questions remaining from those studies. The main question remaining from the
studies were how the molecular scale surface structure and composition affect the
antibacterial activity. Self-assembled monolayers (SAMs) of alkanethiols on gold were
introduced in Chapter 2 as a model system to investigate the fundamental questions. In
this chapter, experiments where simple carboxylic acid terminated monolayers are
complexed with silver(I) ions are discussed. The resulting silver carboxylate terminated
SAM demonstrated biocidal activity as shown by the antibacterial assay. Although using
silver ions to create a biocidal surface is not a novel idea, this study represents the first
demonstration of an antibacterial alkanethiol monolayer on gold. The experiments also
demonstrated that the well-ordered structure of the SAM is not perturbed even after
colony growth and subsequent washing procedure.

The motivation to complex a carboxylic acid terminated SAM with silver stems
from the well known antibacterial effects of silver ions. Many commercial antibacterial
plastics are based upon slow release of silver ions from a polymer matrix.'> In fact, the
use of silver as an antibacterial agent goes back much further than modern times.
Perhaps as far back as 1000 B.C., water kept in silver or copper vessels could be rendered

drinkable if exposed to light.'*

In 1869, Revelin was the first to report the low
concentrations at which silver could exert its antimicrobial effect.”’” von Naegeli
followed up Revelin’s study in 1893 and found that silver ions at a concentration of 9.2 x
10° M killed the common freshwater Spirogyra."™® He subsequently coined the term
‘oligodynamic’ which means ‘active with few’.”” Credé, in 1881, published a
manuscript that advocated the use of silver in the prevention of opthalmia neonatorum in
newborns, a practice still in use today.'® Gibbard investigated factors that effected the

antibacterial activity of silver.'®'

He found that if silver is mechanically cleaned with
rough cloth or paper, the silver becomes inactive. Cooling molten silver in an

atmosphere of hydrogen gives no activity, whereas cooling in air does. The conclusion
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reached by the experiments of Gibbard is that pure silver (Ag’) is inactive and the active
form was the silver ion (Ag"). Gibbard also noted that colloidal silver, silver oxide, and
silver nitrate were always active.'®’

The goals of the silver carboxylate self-assembled monolayer experiments described
below were to explore whether a carboxylate SAM on gold that presents a single
monolayer of silver ions to the environment is antibacterial, and how the well-ordered
structure of the SAM is affected by the bacteria. To obtain the necessary data, the
surfaces were characterized, tested for antibacterial activity, and then re-characterized.
4.2 Experimental Details

The experimental procedure is split up into three main parts; surface formation,
surface characterization, and assessment of surface antibacterial activity. During surface
formation, the alkanethiol self-assembled monolayers are created and modified. Surface
characterization provides information about the structure of the surface, which includes
ordering of the surface molecules and the presence and concentration of specific chemical
species. The characterization information is primarily provided by reflection-absorption
infrared spectroscopy (RAIRS) and X-ray photoelectron spectroscopy (XPS). The
specifics of RAIRS and XPS techniques were discussed in Chapter 3. The assessment of
surface antibacterial activity is determined by the antibacterial assay. The specifics of the
assay were also discussed in Chapter 3.

4.2.1 Materials

Absolute ethanol was obtained from Aaeper Alcohol and Chemical Co. 16-
mercaptohexadecanoic acid (90%), 1-hexadecanethiol (92%), and silver nitrate (>99%)
were purchased from Sigma-Aldrich and used as received.

Escherichia coli (strain JM109) was purchased from New England Bio Labs.
Tryptone and yeast extract were purchased from Difco. Sodium chloride, sodium
dodecyl sulfate (99%), ammonium sulfate, potassium hydrogen phosphate, potassium
dihydrogen phosphate, and sodium citrate dihydrate were purchased from Fisher
Scientific and used as received. Media used in the preparation of bacteria had the
following compositions:
2XYT: 16 g tryptone, 10 g yeast extract, 5 g NaCl in 1 L of deionized H,O
LB: 10 g tryptone, 5 g yeast extract, 10 g NaCl in 1 L of deionized H,O
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SMS: 2 g NH4SO4, 14 g KZHPO4, 6 g KH2P04 . 1 g Na3CH3CH2COO . 2H20 in 1L Of

deionized water.

4.2.2 Preparation of Self-Assembled Monolayers

Gold substrates were purchased from EMF Corporation (Ithaca, NY). The
substrates were prepared by evaporation of a 5 nm titanium or chromium adhesion layer
onto a silica substrate, 17 x 17 x 0.62” or I cm x 1 cm x 1 mm, followed by coating with
100 nm of gold. It should be noted that antibacterial assay experiments performed on
bare gold surfaces revealed that the small amounts of titanium or chromium did not affect
the viability of the bacteria. The substrates were cleaned in “piranha solution”, a 7:3
mixture of H,SO4 (concentrated) / H.O, (30%) (“piranha solution” is an oxidizing
mixture that can be explosive) for one hour at room temperature. The substrates were
removed form piranha, rinsed with copious amounts of deionized water (Millipore
Purification Systems, 18.2 MQ), dried with ultra-high pure nitrogen, and placed in a 1
mM ethanolic solution of the thiol for 18-24 hours. Prior to analysis, the SAMs were
removed from the thiol solution, rinsed with absolute ethanol and deionized water, and
finally dried in a stream of ultra-pure nitrogen.
4.2.3 Preparation of Silver Carboxylate Self-Assembled Monolayers

The COOH-terminated monolayers were rinsed with absolute ethanol and
deionized water, dried with ultra-pure nitrogen, and placed into a 1-2 mM ethanolic
solution of AgNOs for 15-30 minutes. The complexation reactions were performed in the
dark due to the sensitivity of silver nitrate to light. The SAMs were then removed from
the solution, rinsed with absolute ethanol, dried with ultra-pure nitrogen, and used for

further analysis.

4.2.4 Reflection-Absorption Infrared Spectroscopy

RAIR spectra were collected using a Bruker IFS 66v/S spectrometer equipped
with a liquid nitrogen mercury-cadmium-telluride (MCT) detector. The infrared
radiation is p-polarized and was directed onto the surface at a grazing angle of 86°

relative to the surface normal. The background references for all spectra were clean gold
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substrates. Each spectrum was collected using a resolution of 2 cm™ and represents the
average of 100 scans.
4.2.5 X-ray Photoelectron Spectroscopy
XP spectra were collected on a Perkin Elmer 5400 X-ray Photoelectron
Spectrometer. A monochromatized Mg(Ka) radiation source (1253.6 eV) and a position
sensitive, multi-channel plate detector were used to make the measurements. The
vacuum chamber was maintained at a background pressure of ~10” mbar during data
collection. To ensure surface sensitivity, the measurements were conducted using a take-
off angle of 15° relative to the surface normal. The binding energies of each spectrum
are referenced to the Au (4f"%) peak at 83.9 eV. Survey spectra were recorded with a
pass energy of 89.45 eV for ten minutes on a 1 mm x 3.5 mm spot size and 250 W X-ray
source power. High resolution multiplex spectra were collected with an acquisition time
of 8 minutes per region. Atomic percent composition was determined using instrument

specific sensitivity factors.

4.2.6 Antibacterial Assays

The antibacterial assays were performed in a similar manner to those described in
Chapter 3. E. coli was cultured in 2XYT media to reach a concentration of 10® cells/mL.
The culture was then diluted to 10° cells/mL in SMS (Spizizen’s Mineral Salts). The
SAMs were removed from the silver nitrate solution, rinsed with absolute ethanol, dried
in a stream of air that had been filtered through a 0.2 um filter, and placed into a 5.5 cm
diameter Petri dish. The chromatography sprayer was prepared by spraying absolute
ethanol for 30 seconds, followed by deionzed water for 30 seconds. The bacteria were
then sprayed onto the SAM until a uniform coverage was achieved. The Petri dishes
were covered for 45 seconds before 10 mL of melted LB growth agar was poured into the
dish. The Petri dishes were re-covered and the agar was allowed to solidify. After the
agar had solidified (15-25 minutes), the Petri dishes were inverted and stored in a 37°C
incubator overnight. The viability of the bacteria was assessed the following day using a
digital camera equipped light box. The camera is controlled by Alphalmager Imaging

System software. The images were manually analyzed for bacterial growth. Images that
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contained growths were labeled antibacterial inactive and images that did not contain
growth were labeled antibacterial active. The number of viable colonies was not counted.
4.2.7 Cleaning of Surfaces After Antibacterial Assay
Analysis of the SAMs after the antibacterial assay required removal of all material
accumulated on the surface during the assay. The accumulated material included the
nutrient agar, which has a gelatinous consistency, and remaining bacteria material. To
clean the surfaces and allow for post-assay analysis, the SAMs were removed from the
solidified agar. Large pieces of agar were manually removed with sterile picks. The
SAMs were then rinsed with deionized water and placed into a 1% aqueous solution of
sodium dodecyl sulfate (SDS) in 0.5 M sodium chloride for 5-10 minutes. The
SDS/NaCl mixture is a detergent solution that desorbed the remaining material from the
surfaces without affecting the structure of the SAMs. The SAMs were then removed
from the SDS/NaCl solution, rinsed with deionized water, and stored in deionized water

prior to analysis.

4.3 Results and Discussion
4.3.1 Characterization of Self-Assembled Monolayers Before Antibacterial Assay
The self-assembled monolayers were characterized using reflection-absorption
infrared spectroscopy and x-ray photoelectron spectroscopy. RAIR and XP spectra were
taken on 16-mercaptohexadecanoic acid (16-C COOH-T) and 1-hexadecanethiol (16-C
CHs-T) SAMs before and after reaction with silver nitrate. The methyl terminated SAM
was used as a control to demonstrate that the surface silver ions are primarily bound to
the terminal carboxylate group and not to other chemical moieties within the alkanethiol
monolayer.
4.3.1.1 Reflection-Absorption Infrared Spectra
Figure 22 shows the RAIR spectra for a 16-C CH3-T SAM before and after

immersion in silver nitrate.
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Figure 22: RAIR spectra of a 16-C CH;-T SAM pre- and post-immersion in silver nitrate.

The important spectral features are the C-H absorption modes occurring near 3000 cm'.
The position, shape, and intensity of the C-H stretching peaks give a wealth of
information about the structure of alkanethiol monolayers.'” Here, the asymmetric (v,)
and symmetric (vs) methylene stretching vibrations at 2919 and 2850 cm™, respectively,
indicate that the molecular organization of the surface molecules resembles that of a
crystalline solid.'”® The methylene stretching peaks are also narrow, exhibiting small
full-width-half-maximum (FWHM) values, which is as spectral feature that also signifies
a well-ordered surface.'®

The position and FWHM values of the spectra after soaking in AgNOs do not
appear different than those of the original spectra, which indicate that the silver nitrate
does not significantly perturb the structure of the monolayer. Further evidence for the
lack of significant structural perturbation comes from the persistence of the asymmetric
and symmetric stretching vibrations of the terminal methyl groups, which appear at 2964

and 2878 cm’', respectively. The methyl vibration peaks do not change in position or

appearance, indicating that the SAM remains well-ordered.
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Figure 23 shows the RAIR spectra for the 16-C COOH-T SAM before and after

immersion in silver nitrate.
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Figure 23: RAIR spectra of a 16-C COOH-T SAM pre- and post-immersion in silver nitrate. The
disappearance of the carbonyl stretching mode at 1741 cm™ provides evidence that the carbonyl
groups have converted to carboxylate groups.

Both spectra for the pre- and post-AgNOs treated SAMs exhibit asymmetric and
symmetric methylene stretching vibrations at 2919 and 2850 cm™, respectively. Again,
the position of the methylene peaks, along with small FWHM values indicates that the
SAMs remain well-ordered after treatment.

The vibrational modes in the lower frequency region of the RAIR spectra are
from the functional groups present within the surface. The particular mode to observe on
the spectra in Figure 23 is near 1750 cm™ and is a large doublet peak stemming from the
carbonyl stretch of the carboxylic acid functional group. The doublet can be resolved
into two peaks; one at 1741 cm™ and the other at 1718 cm™. The splitting is the result of
nearest-neighbor hydrogen bonding of some fraction of carboxylic acid groups,'™ which

lowers the energy of the carbonyl stretch by 23 cm™. The peak assignments are in

agreement with literature precedents.'®
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In the RAIR spectra of the SAM after reacting with silver nitrate, the carbonyl
stretching mode has almost entirely disappeared, signifying that the carbonyl group has
undergone a reaction. In addition to the disappearance of the carbonyl stretching mode,
two additional absorption peaks appear at 1616 and 1418 cm™. The two additional peaks
are the asymmetric and symmetric stretch of a carboxylate group, respectively. The
carboxylate group is formed when a carboxylic acid species undergoes a complexation
reaction with a metal ion, resulting in a loss of a proton. The complexation reaction is
shown in Figure 24.

)
” + MX —> Cie M’ + HX

*\M;C\OH \M; ~o

Figure 24: Reaction diagram for complexation reaction of a metal salt with a carboxylic acid group.

The reaction results in the formation of a carboxylate anion and loss of hydrogen.

The RAIR spectra demonstrate that the silver ions are only forming a complex
with the carboxylic acid SAMs. However, RAIRS data alone is not sufficient to confirm
this information. X-ray photoelectron spectra provide further data to support the RAIRS
information. XPS also provides quantitative information, whereby the amount of silver
present on the surface can be determined. The next section will present and discuss the
XPS information obtained from the CH3;-T and COOH-T SAMs both before and after

reaction with silver nitrate.

4.3.1.2 X-ray Photoelectron Spectra

X-ray photoelectron spectroscopy provides information about elemental
composition of a surface. Both the oxidation state and quantitative amount of a particular
element can be determined from this powerful technique. The primary objective of the
XP experiments performed here was to verify that the silver ions were complexing with
the carboxylate groups of the COOH-T SAM and to determine the amount of silver
present at the interface. Figure 25 shows the multiplex spectra of the Ag 3d

photoelectrons for the CH3-T SAM both before and after immersion in silver nitrate.
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Figure 25: XP spectra of the Ag 3d multiplex for a 16-C CH;-T SAM pre-and post-immersion in
silver nitrate solution. The spectra indicate that silver remains on the surface after treatment with
AgNO3.

The spectra indicate that there is silver present on the methyl terminated SAM
after immersion in silver nitrate solution. The explanation of the presence of silver
involves monolayer defects and the affinity of silver for sulfur and thiols.'®> ' The

133,135, 164-168

presence of monolayer defects would allow for migration of the silver ions to

1" The defects can increase the spacing between adjacent

the underlying sulfur moieties.
alkyl chains, allowing for easier diffusion of silver ions to the sulfur head groups. The
interaction of the alkyl chains with silver ions is supported by the earlier RAIR spectra
(Figure 22). The intensity of the methylene stretching modes of the post-treatment
spectra is slightly diminished compared to the pre-treatment spectra, which is consistent
with a decrease in total methylene groups within the surface. Reaction of silver ions with
the sulfur head group may remove of a small number of chains from the surface, resulting

in fewer methylene groups. Interestingly, the small amount of Ag adsorbed within the
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CH;3-T SAM does not appear to have a deleterious affect on cell growth (see section
4.3.2)

The multiplex Ag 3d region of the 16-C COOH-T SAM both before and after

reaction with silver nitrate is shown in Figure 26. Both the positions and symmetric

170 The amount of

shape of the 3d photoelectron peaks are consistent with silver(I) ions.
silver on the surface was quantified by calculating the atomic percent composition. The
calculation is performed by using instrument specific sensitivity factors, as explained in
Chapter 3. Predicted percent composition values were determined by using a single
sixteen carbon chain containing two oxygen atoms and one silver atom. Figure 27

presents the percent atomic composition values. The experimental values are the average

of three analyses with the error bars representing the standard deviation.
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Figure 26: XP spectra of the Ag 3d multiplex for a 16-C COOH-T SAM before and after immersion
in silver nitrate solution. The positions and symmetry of Ag 3d photoelectron peaks in the pre-
treatmen spectra indicate that all of the silver ions are in the oxidized 1+ state. The increased peak
heights and area compared to the 16-C CH;-T XP spectra (Figure 25) show that the 16-C COOH-T
SAM after reaction with silver nitrate has a larger surface concentration of silver.
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Figure 27: Atomic percent composition of a silver carboxylate terminated SAM. The error bars
represent the standard deviation of 4 analyses. The predicted values were calculated using a
molecule composed of 16 carbons, 2 oxygens, and one silver atom.

Within experimental error, the experimental data agrees with the prediction of a
1:1 ratio of silver cation to carboxylate anion. This suggests that each surface carboxylate
group is complexed with one silver ion, resulting in a single monolayer of silver ions at
the interface.  The surface concentration of alkanethiol SAMs on Au(lll) is
approximately 4.5 x 10" molecules/cm?'"’, or about 4.5 nmol/cm®’. The XPS data
suggests that one silver ion is bound to one carboxylate group, therefore the surface silver
concentration could be considered approximately 4.5 nmol/cm®.
4.3.2 Antibacterial Assays

After characterization of the SAMs, antibacterial assays were performed. Figure
28 displays the digital images of the surfaces after the antibacterial assay using E coli
(see section 3.4). Each small light spot on the surface is known as a colony-forming-unit,
or CFU. A colony forming unit is formed by the multiplication of a single bacterium that
had attached to the surface. If the bacteria that are sprayed onto the surface are killed, no

colony forming units will be present.
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Figure 28: Antibacterial assay images for a 16-C COOH-T SAM before (a) and after (b) and a
16-C CH;-T SAM before(c) and after (d) immersion in a silver nitrate solution. The 16-C COOH-T
SAM after reaction with silver nitrate showed antibacterial activity.

The assay was performed on both a 16-C CH;3-T and 16-C COOH-T SAM before
and after reaction with silver nitrate. On both the methyl and carboxylic acid terminated
SAMs, bacteria remained viable and formed a large number of colony forming units.
After reaction with silver nitrate, bacteria remained viable on only the methyl terminated
SAM. In contrast to this, the bacteria were non-viable on the post-AgNO; treated
carboxylic acid terminated SAM after reaction with silver nitrate.

The antibacterial activity of the silver carboxylate SAM was not unexpected;
however the initial assay result did help provide information about the structural
requirements for antibacterial activity of the simple alkanethiol SAMs investigated. Both
the methyl and carboxylic acid terminated SAMs underwent a reaction with silver ions as
evidenced by RAIRS and XPS data. The antibacterial assay result helps confirm the
earlier assumption that the silver reacts at different locations on the different SAMs. The
silver ions detected via XPS on the methyl terminated SAMs were probably located near

the sulfur headgroups and away from the interface. The silver ions detected on the
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carboxylic acid terminated SAMs were most likely bound to a terminal carboxylate
anion species formed by the metal complexation reaction of silver ions and the
carboxylate anions. The complexation reaction occurs at the terminal end of the SAM,
placing the silver ions at the interface. XPS data also helped determine that there was a
higher surface concentration of silver ions on the carboxylic acid terminated SAM (~4.5
nmol/cm?) than for the methyl terminated SAM (~1.7 nmol/cm®). Both the surface
concentration and location relative to the interface of the silver ions likely contribute to
the antibacterial activity of the silver complexed carboxylic acid terminated SAM and the
antibacterial inactivity of the methyl terminated SAM.
4.3.3 Stability of a Silver Carboxylate SAM
The next part of the study was performed to establish if the silver carboxylate
SAMs retained antibacterial activity after the initial assay. The experiment was
performed by simply repeating the antibacterial assay. First, the surfaces were removed
from the Petri dish of the initial assay and cleaned. The cleaning step involved manual
removal of large piece of growth agar followed by soaking in an aqueous solution of one
percent sodium dodecyl sulfate and 0.5 M NaCl. The surface was then rinsed with DI

water and re-assayed. Figure 29 shows the digital images of the initial and second assay.

Initial Assay Second Assay

Figure 29: Antibacterial assay images for a silver carboxylate SAM. The second assay was
performed after cleaning the surface with SDS/NaCl solution. The image of the second assay reveals
that the silver carboxylate SAM does not retain its antibacterial activity.

The image of the second assay reveals that the silver carboxylate SAM did not

retain antibacterial activity as there is a large number of colony forming units on the
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surface. The loss of activity signifies that a change in composition of the surface
occurred during the initial antibacterial assay. Changes in the SAMs are evidenced by
key differences in pre- and post-AgNOs treatment RAIR spectra. Figure 30 shows the
RAIR spectra of a 16-C COOH-T SAM before reaction with silver nitrate, after reaction

with silver nitrate, and after the antibacterial assay.

2919 cm’’
o 2852 cm’ 1741 cm”
o = - o
0.005 <
— WW borore reactic
before reaction
: with AgNO,
[¢b]
o H
= :
@®© :
o)
S
2 A ( \ 16-C COOH-T
o " A after reaction
< with AgNO,

'W 16-C COOH-T
after antibacterial

assay

3000 2750 2500 2250 2000 1750 1500 1250 1000
-1
Wavenumbers (cm ")

Figure 30: RAIR spectra of a 16-C COOH-T SAM before reaction with silver nitrate, after reaction,
and after an antibacterial assay. The spectrum after the assay shows evidence that the silver
carboxylate complex is lost and the acid functional group is reformed.

There are two important regions of the spectra to discuss. First, the lower
frequency range provides evidence for a change in the composition of the surface-bound
carboxylic acid groups during the antibacterial assay. In the top spectrum of the
unreacted carboxylic acid terminated SAM, the carbonyl of the acid functional group is

', In the middle spectrum of the same acid terminated SAM after

present at 1741 cm’
reaction with silver nitrate, the carbonyl mode has disappeared and is replaced by modes
corresponding to the asymmetric and symmetric stretching modes of a carboxylate group.
The disappearance of the carbonyl and introduction of the carboxylate modes indicates

the formation of a silver carboxylate complex. In the bottom spectrum of the same
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surface after the antibacterial assay, the carbonyl stretch has reappeared. The

reappearance of the carbonyl stretching mode suggests that the silver carboxylate
complex is no longer present on the surface and the carboxylic acid group has been
reformed. The disappearance of the silver carboxylate complex agrees with the
antibacterial inactivity of the surface after the initial assay; without any surface-bound
silver ions, the surface is rendered non-antibacterial.

The second important part of the spectra from Figure 30 is the high frequency
region containing the C-H stretching modes. The position, intensity, and shape of the
asymmetric and symmetric methylene stretching vibrations provide important
information about the organization of the monolayer. The asymmetric and symmetric
methylene vibrations on all three spectra in Figure 30 appear quite similar. The modes
appear at wavenumbers characteristic of well ordered, all-trans configured alkane

chains.'®?

The peaks are also narrow and intense, characteristics that also arise from
well-ordered, crystalline like chain conformations.'” The lack of change in the
methylene stretching vibrations for the SAM after the antibacterial assay indicates that
the well-ordered monolayer structure is not significantly disrupted by the antibacterial
assay.
4.3.4 Regeneration of a Silver Carboxylate SAM

The RAIR spectra of the silver carboxylate SAM after the antibacterial assay
revealed that the silver ions are removed and that the carboxylic acid group is reformed.
We hypothesized that the surface loses antibacterial activity as a result the removal of the
silver ions. To test the hypothesis, a second assay was performed on the same acid-
terminated surface. We also hypothesized that the silver carboxylate complex could be
reformed on the original acid-terminated surface, thereby restoring antibacterial activity.
This hypothesis was tested by cleaning the surface with the SDS/NaCl solution followed
by re-immersing the surface in silver nitrate for approximately 15-30 minutes followed

by a second assay. Images of the secondary assays are shown in Figure 31.
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Initial Assay

Second Assay with
AgNO; reaction

Figure 31: Antibacterial assay images demonstrating the regeneration of the antibacterial silver
carboxylate SAM. The antibacterial activity was restored when the SAM was re-exposed to silver
nitrate for 15-30 minutes.

The image of the second assay after reaction with silver nitrate shows very few
colony forming units compared to the image from the second assay without silver nitrate
reaction. The tremendously diminished number of colony forming units indicates that the
antibacterial surface was regenerated by re-immersing the SAM in silver nitrate solution.
The most probable explanation for the regenerated antibacterial activity is that the silver
carboxylate complex is reformed by the complexation reaction of the carboxylic acid
groups and silver ions. However, it is interesting to note that approximately 20 CFU’s
survive on the re-complexed Ag” SAM. We speculate that this is due to some of the

carboxylic acid groups not undergoing reaction with silver ions.
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4.3.5 Antibacterial Assay of Other Metal Carboxylate SAMs

The antibacterial assays provided evidence that the silver ions were responsible
for the antibacterial activity. To prove that the silver ion is responsible for the activity
and not the carboxylate complex, carboxylic acid SAMs were reacted with a series of
other metal salts. The metal salts tested were zinc nitrate hexaydrate [Zn(NO;),-6H,0],
iron (IIT) perchlorate hexahydrate [Fe(ClO4);-6H,0], nickel (II) perchlorate hexahydrate
[Ni(ClO4),-6H,0], and copper (II) chloride. The metal carboxylate SAMs were formed
by immersing a carboxylic acid terminated SAM for 15-30 minutes in a 1-2 mM
ethanolic solution of the metal salt. The SAMs were characterized by RAIRs after

immersion. The RAIR spectra are shown in Figure 32.
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Figure 32: RAIR spectra of 16-C COOH-T SAMs after complexation reactions with different metal
salts. Evidence for the reactions comes from the disappearance of the carbonyl stretching mode at
1741 cm™ and the increased intensity of the asymmetric and symmetric carboxylate stretching modes
at ~1616 and 1418 cm™, respectively.

The RAIR spectra of the copper, zinc, iron, and nickel carboxylate SAMs are very
similar to the spectrum of the silver carboxylate SAM. The carbonyl stretching vibration

present at 1741 cm™ in the acid spectrum is absent from all of the metal carboxylate
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spectra. The asymmetric and symmetric carboxylate stretches, all located near 1616 and
1418 cm™, respectively, are more prominent in the metal carboxylate spectra than in the
acid spectrum. Both the disappearance of the carbonyl stretching vibration and the
increased intensity of the asymmetric and symmetric carboxylate stretching vibrations
suggest that the carboxylic acid SAMs have undergone a complexation reaction with the
metal salts.
The antibacterial assay was performed on each of the metal carboxylate SAMs.
Images from each assay are shown in Figure 33. Except for the silver carboxylate SAM,
all of the SAMs show a significant number of colony forming units. The results shown

by the antibacterial assay of the other metal carboxylate SAMs isolates the silver ion as
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the key antibacterial agent.
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Figure 33: Images from the antibacterial assay of a series of metal carboxylate SAMs. Only the
silver carboxylate showed antibacterial activity.
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4.3.6 Discussion of the Antibacterial Activity of a Silver Carboxylate SAM

RAIRS data in combination with the results of the antibacterial assay
demonstrated that the silver ions are responsible for the antibacterial activity. However,
the silver carboxylate group was shown to be unstable during assay. The instability of
the silver carboxylate group is important in the mechanism of the biocidal activity.
Closer inspection of an antibacterial assay image of a silver carboxylate SAM reveals
another important clue about the mechanism. In Figure 34, the immediate vicinity of the
surface shows a lack of colony forming units, similar to the SAM surface. The area
surrounding the surface with little bacteria growth is known as the zone of inhibition and
is characteristic of antibacterial agents that have leached from the surface.”” The leaching
of silver ions into the environment is expected as a result of the low formation constant of
a silver acetate complex. The formation constants of a silver acetate complex are
K;=5.37 and K,=0.13."""  As a result of the instability of the silver acetate complex, the
silver ions can easily enter the melted agar solution used during the antibacterial assay

and interact with bacteria not directly sprayed onto the SAM.

~ SO

Figure 34: Antibacterial assay image of a silver carboxylate SAM. The red circle outlines the zone of
inhibition. The zone of inhibition is characteristic of antibacterial agents that leech from the
surface.””

The leaching of silver ions is necessary for the antibacterial activity of the silver
carboxylate SAM. In order for silver ions to kill bacteria, they must be taken up by the

bacteria. The known antibacterial mechanisms of silver ions all occur inside of the cell,

172, 173 162, 163 174-179
> > If

where they react with enzymes, thiol groups, and nucleic acid bases.
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the silver ions did not leach from the surface, they would not be able to enter the
bacterial cell.
4.4  Conclusions

Silver carboxylate terminated SAMs showed antibacterial activity against E. coli.
The silver carboxylate SAM was formed by the complexation reaction of carboxylic acid
terminal groups and silver ions. The presence of complexed silver ions was detected via
RAIRS and XPS. RAIR spectra showed that the carbonyl stretching vibration from the
carboxylic acid disappeared after formation of the silver carboxylate complex. XPS
spectra showed the presence of surface-bound silver via the Ag 3d photoelectron peaks.
The surface concentration of silver ions was determined to be approximately 4.5
nmol/cm’.

Antibacterial assay experiments demonstrated that the silver carboxylate
terminated SAMs are antibacterial. A subsequent assay performed after cleaning the
surface showed that the antibacterial activity of Ag'-complexed SAMs is not permanent.
The loss of antibacterial activity is caused by leaching of silver ions from the surface
during or after the initial assay. The leaching of the silver ions is evident from the zone
of inhibition surrounding the surface of the initial assay. RAIR spectra taken after the
initial assay showed that the reappearance of the carbonyl stretching vibration, which
indicates that the silver carboxylate complex is lost, resulting in the reformation of the
carboxylic acid group.

Antibacterial activity could be restored if the SAM was reacted with silver nitrate
after the initial assay. The second reaction with silver nitrate appeared to reform the
silver carboxylate complex to restore the antibacterial activity.

The mechanism of the antibacterial activity of the silver carboxylate SAMs was
dependent on the uptake of silver ions into the bacterial cell. The known antibacterial
effects of silver ions all occur at locations inside of the cell, not on the outer cell wall or
membrane. The likely diffusion of the silver ions into the cells is supported by the
observed leaching effect and the low binding constants of the silver carboxylate complex.

Perhaps the most important conclusion reached was that alkanethiol SAMs are
remarkably stable after the antibacterial assay. RAIR spectra showed that the well-

ordered crystalline-like arrangement of the alkyl chains was not significantly perturbed
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by the bacteria or conditions of the assay. The stability of the SAMs helps to justify the
use of alkanethiol SAMs to study the interactions between bacteria and surfaces. The
stability of the well-ordered alkyl chain will allow for future studies of SAMs with more
complicated terminal groups. The novel synthesis and systematic alteration of terminal
functional groups and the resulting effects on bacteria viability will encompass the future

of the project. Future work is briefly outlined in Chapter 5.

79



Chapter 5: Conclusions and Future Work

5.1 Conclusions

The primary objective of the work presented here was to establish use of
alkanethiol SAMs as a tool to investigate the fundamental relationships between surface
structure and bacteria viability.  Significant work was done in developing the
antibacterial assay an experimental method to observe the viability of bacteria on SAMs.
These efforts led to the discovery that a simple layer of Ag" ions residing on an organic
surface kills 100% of the E. coli that interact with the surface.

Chapter 3 presented the antibacterial assay method development. Well-ordered
SAMs composed of methyl, hydroxyl, carboxylic acid, and perfluoro terminated groups
were assayed and the remaining colony forming units were counted. Statistical analyses
showed that there was significant variation in the results. The variation was caused by a
combination of environmental and experimental factors. Bacterial growth can vary with
differing environmental factors, such as temperature and humidity. The manual
operation of the chromatography sprayer used to spray the bacteria onto the surfaces
contributed to the experimental errors. Control of the amount of bacteria sprayed onto
the surface proved to be extremely difficult.

The large variation of viable bacteria counts led to the conclusion that there was
no difference in bacteria viability on the well-ordered methyl, hydroxyl, carboxylic acid,
and perfluoro terminated SAMs. Within our ability to distinguish differences in colony
growth on different SAMs, none of the SAMs had antibacterial activity. The inactivity of
the methyl, carboxylic acid, and perfluoro terminated SAMs was expected as none of the
four SAMs contained known antibacterial functional groups. The assay of the hydroxyl
terminated SAM showed that a surface-bound long chain alcohol does not possess
antibacterial activity, which is in direct contrast to the biocidal activity of ethanol and
isopropanol.

In Chapter 4, a carboxylic acid terminated SAM complexed with silver ions was
shown to be antibacterial. The weak silver carboxylate complex allowed for the release

of silver ions into the surrounding media where they are taken up by the bacteria. A zone
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of inhibition provided evidence for leaching of silver from the surface, which was
further supported by RAIRs data that showed the loss of carboxylate groups and the
reformation of carbonyl groups. Because the silver ions were removed from the surface,
the biocidal activity was not retained as shown in a second assay.

The antibacterial silver carboxylate surface could be regenerated by a second
reaction between the surface and silver nitrate, which regenerated the silver carboxylate
groups and restored the antibacterial activity due to the replenishing of silver ions at the
surface. Zinc, iron, nickel, and copper ions were complexed with the carboxylate species,
but none of those metal carboxylate surfaces showed antibacterial activity. The
antibacterial inactivity of the other metal ions indirectly showed that the silver ions were
responsible for the antibacterial activity.

The well-ordered crystalline-like structure of the alkyl chains of the SAMs were
not significantly perturbed by the conditions of the antibacterial assay. RAIR spectra
recorded after the assay showed that the peaks of the methylene stretching vibrations did
not differ from the same peaks of the RAIR spectra recorded before the assay. The
observation of preserved well-ordered alkyl chain structure helped to conclude that the
functionalized alkanethiol SAMs are sufficiently stable to use as a tool for investigating
the relationship between surface structure and viability of bacteria.

5.2 Future Work

The future work of this project will focus on creating SAMs containing
quaternary ammonium groups. Quaternary ammonium groups covalently bound to
surfaces have shown antibacterial properties, however the surfaces were not fully
characterized. A covalently bound antibacterial group will allow for subsequent
systematic alteration of the surface structure, such as ordering, density, surface
concentration, and various alkane chain lengths. Systematic alteration of a non-
covalently bound antibacterial group is not feasible because of leaching issues, which
were observed for the silver carboxylate surfaces.

The initial part of the work will be to synthesize SAMs containing covalently
bound quaternary ammonium groups. The synthesis will be conducted on two fronts;

synthesizing the entire thiol molecules before forming the SAM and modification of a
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SAM after formation. Preliminary work has shown that each route appears feasible to
creating SAMs with quaternary ammonium groups.

The total synthesis route will occur via three steps, outlined in Figure 35. The

0

first step will convert a bromoalcohol into a bromotriflate.'® The highly reactive

bromotriflate group is then reacted with a tertiary amine to form a quaternary ammonium

181

salt. The final step converts the terminal bromine of the quaternary ammonium salt

into a thiol.'*?

Once the total synthesis has been verified, a SAM will be formed,
characterized, and tested for antibacterial activity. The structure of the SAMs will then
be systematically altered by changing the alkyl chain of the SAM molecules. The
alteration will be done by using starting material containing the desired chain lengths.
Preliminary nuclear magnetic resonance spectra have shown evidence for the formation

of the bromine terminated quaternary ammonium salt shown in step 2 of Figure 35.
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Figure 35: Synthetic route for the total synthesis of a quaternary ammonium containing thiol. The
synthesis will involve forming a bromotriflate followed by conversion to a quaternary ammonium
salt. The terminal bromine group is then converted to the thiol. Alkyl chain lengths can be varied by
using different starting material.

The second synthetic route will be carried out in three steps as outlined in Figure
36. First, a carboxylic terminated SAM will be formed and characterized (see sections
3.1-3.3). Next, the carboxylic acid terminal groups will be converted into amide groups

via reaction with a diamine catalyzed by 1-ethyl-3-[3-
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145146 After characterization of the modified

(dimethylamino)propyl]carbodiimide.
surface, the terminal tertiary amine groups will be reacted with a 2-bromoketone to create
quaternary ammonium groups. The surface will again be characterized followed by
assessment of antibacterial activity via the antibacterial assay. The chain lengths in the n,
m, and x positions shown in Figure 36 will be systematically altered by using starting

materials of the desired chain lengths.
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Figure 36: Synthetic route of quaternary ammonium SAMs via modification of an initial carboxylic
acid terminated SAM. The structure of the molecules will be systematically varied in the m, n, and x
positions by using starting materials with the desired chain lengths.

The primary advantage of the second synthetic route is lack of a product
separation step. One of the largest drawbacks of total synthesis of a thiol is the difficult
separation of intermediates and products. By anchoring the thiol molecules to the surface
initially, they are essential pre-separated from unwanted reaction byproducts and
intermediates. Anchoring the thiol to the gold substrate also serves to protect the thiol
from unwanted reactions, which is a situation frequently encountered during the synthesis
of functionalized thiols.

Preliminary RAIRS and XPS data provided evidence for quaternary ammonium
containing SAM with chain lengths n=7, m=1, and x=13 via the synthetic route shown in
Figure 36. The initial quaternary ammonium containing SAM did not exhibit any
antibacterial activity. The lack of activity is probably the result of a low surface
concentration of quaternary ammonium groups.

In summary, the future work of this project will involve refining the synthesis of

quaternary ammonium containing SAMs followed by systematic alteration of the alkyl
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chain length within the SAMs. The different chain lengths will change the structure of
the surfaces, and possibly the viability of bacteria on those surfaces. By utilizing the
versatility of self-assembled monolayers of functionalized alkanethiols on gold, a
fundamental understanding of the relationship between molecular scale surface structure

and the viability of bacteria can be obtained.
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