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Prevention of bacterial attachment to various surfaces is of critical importance to areas that
directly affect human health and life, including food processing, water treatment, and medicine.
The past decade has witnessed a rapid growth in novel antifouling materials, some of them with

features at the nanoscale.

This work focused on studying the effect of substrate and bacterial physicochemical

factors, the nanoscale topography in particular, on bacterial attachment and biofilm formation.

In Chapter One, a physicochemical mathematical model was developed for the porous
anodized aluminum oxide (AAQ) surfaces based on the Extended Derjaguin, Landau, Verwey,
and Overbeek (XDLVO) theory. By integrating the electrostatic, acid-base and van der Waals
interaction forces over the surface topography of AAO, the adjusted XDLVO model is able to
delineate the effect of changing pore diameter, pore depth and surface porosity on the maximum
repulsive force (Fmax), Which prove to be an effective indicator of tendency for bacterial
attachment. The predicted force-distance (FD) curves for a model system consisted of a
polydopamine-coated microsphere and various AAO surfaces was verified with atomic force
microscopy, showing that total repulsive force was indeed enhanced by the densely distributed

pores covering the 15 and 25 nm pore AAO surfaces.

In Chapter Two and Chapter Three, the adjusted XDLVO model was validated with a

bacterial attachment assay using surrogate strains Escherichia coli ATCC 25922 and Listeria



innocua as well as pathogenic strains Escherichia coli O157:H7, Listeria monocytogenes,
Staphylococcus aureus and Staphylococcus epidermidis. As predicted by the model, surfaces with
15 and 25 nm pore diameters significantly repressed attachment and biofilm formation by all
strains tested. The observed effect was attributed to the repulsive force, primarily electrostatic and
acid-base forces, which were greatly enhanced by the large surface area originating from the high
density, small-diameter pores. It was also demonstrated how this predictive approach could be
used to optimize different elements of surface topography (particularity pore diameter and density)

and surface energies for further enhancing the observed bacteria-repelling effect.

In Chapter Four, a phenomenon observed near hydrophilic surfaces, also known as particle-
exclusion zones (EZ), was studied by exposing Nafion and alumina to bacteria suspensions,
including S. aureus, E. coli O157:H7, and L. monocytogenes. Using confocal laser scanning
microscopy (CLSM), bacterial cell density distribution in a 3D space near solid-liquid interface
was obtained, and a robust image analysis method was developed to generate a quantitative profile
of cell concentration near the interface, which allowed the precise quantification of EZ and of a
transition zone (TZ), based on pixel intensity profiles. A typical bacterial EZ size of 40 - 60 pm
and a TZ of 40 - 80 pm was revealed for bacteria suspended in tryptic soy broth (TSB, pH 7.0, IS
~ 100 mM). In addition, surface topography appeared to influence EZ and TZ near AAO surface,
with the 15 nm pore AAO having the largest combined EZ-TZ size. A robust EZ-TZ region could

prove an important antifouling mechanism.

Overall, this work provides critical insights on the mechanisms of bacterial attachment to
surfaces with nanoscale topography, which can be used for developing biofouling-resistant
material surfaces for a wide range of applications sensitive to bacterial attachment and biofilm

formation.
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INTRODUCTION

Despite tremendous efforts made to reduce foodborne illnesses by improving safety in the
food supply chain, recent data shows that foodborne illnesses continue to be a significant concern
in the United States and worldwide!=. The Centers for Disease Control and Prevention (CDC)
recently estimated that each year roughly 1 in 6 Americans (or 48 million people) get sick, 128,000
are hospitalized, and 3,000 die of foodborne diseases®. In addition to the adverse consequences on
public wellness, foodborne illnesses also impose a huge economic burden on society. According
to a recent conducted by Scharff in 2011, the aggregated annual cost of foodborne illness was

$77.7 billion and the average cost per case of foodborne illness was $1,6261.

Most of the microbial contamination problems in the food industry are caused by the
transfer of microorganisms from food contact surfaces and processing equipment to the foods
themselves 4. Often times, in order to survive under various stresses from the environment (e.g.
low water activity), microbial species tend to co-colonize surfaces they come in contact with and
form biofilms, where individual cells are interconnected and are enclosed in a matrix consisting of
extracellular polymeric substances (EPS). Studies have shown that microbial cells living in
biofilms demonstrate altered gene expression®, increased production of EPS ©, and enhanced
resistance to sanitizers, disinfectants and antimicrobial agents /. Adhesion of spoilage or
pathogenic microorganisms to surfaces and the formation of biofilms impose persisting risk of
microbial contamination of processed food products. In addition to being a potential source of
contamination, biofilms can also accelerate the corrosion of material surfaces, interfere with heat
transfer, and increase fluid frictional resistance*, all of which raise the operating costs by a large

amount and should therefore be averted.



Currently, the most widely adopted method for removing biofilms in food processing
facilities is the Cleaning-In-Place (CIP) procedure, which employs sequential treatment with
heated acid and/or alkali and antimicrobial sanitizers along with turbulent flow, so as to both
chemically and physically remove biofouling *. While planktonic cells can be effectively removed
by physical means (e.g. water turbulence or scrubbing) and/or killed by chemical sanitizers, they
become more resistant to conventional cleaning methods once they form biofilms, largely due to
the protection conferred by EPS and biomass in the outer shell of the biofilm 8. Another issue
associated with CIP is that, despite the water flush at the end of the cleaning protocol to remove
the CIP chemicals, some residues may enter food products, potentially impairing food quality and
jeopardizing consumer health. Additionally, CIP waste streams demand expensive treatment
before they can be released to the environment®, which further increases operating costs in the food

industry.

All these disadvantages and limitations associated with CIP, which only provides a posthoc
fix, highlight the critical need for preventative strategies to alleviate biofouling. Recently,
antifouling and fouling-release materials, capable of limiting biofilm formation by providing
resistance against initial attachment and weakening cell-surface binding, have emerged as a
promising solution to biofilm-associated problems in various environments, such as food
processing environment!®, surfaces of biomedical devicel!, wastewater treatment plants!?, and

shipping industry 3.

Attachment of bacteria to nanostructured surfaces is significantly different from attachment
on bulk or microstructured materials.** Explanations of this behavior allude to the fact that nano-
structuring induces significant changes in surface charge and surface free energy, which affect

attachment and biofilm formation.’®> There is, therefore, a great opportunity to design
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nanostructured materials able to effectively repel microorganisms.  Unfortunately, most
nanostructuring methods are expensive, which renders the approach prohibitively expensive for
many applications. Nanostructured surfaces can also be extremely delicate and incompatible with

the cleaning procedures used in industrial or medical applications.

Compared to other nanofabrication methods, anodization is a widely available surface
treatment that produces an oxide which, under well-controlled conditions, exhibits a nanoporous
structure, is chemically inert to many cleaning agents, and has excellent wearing properties.
Anodization is used on an industrial scale and can be applied to large surface areas and three-
dimensional parts. Aluminum anodization, in particular, is a widely used process, with countless
industrial applications.!® By controlling the anodizing voltage and bath composition, Al
anodization produces cylindrical, parallel pores oriented perpendicular to the surface, of defined

pore diameter and surface porosity.*"8

Nonetheless, despite the rapid development of antifouling materials and micro/nano-
fabrication technologies in the past decade, we still lack a systematic understanding of the
mechanisms by which these antifouling materials resist adhesion by microorganisms. Collectively,
the scientific community has identified some key factors that govern the attachment of particulates
(including microorganisms) to surfaces. These include, among others, electric double layer and
charge density %% surface hydrophobicity and surface free energy 2?2, roughness and surface
topography 2%, environmental factors and biological factors 2. Notwithstanding the relatively
extensive literature coverage of each of these key factors, a consensus on the effect of these factors
on fouling has yet to be reached. For example, two of the most debated factors are roughness®*
and hydrophobicity/hydrophilicity?>. There is some evidence supporting that the propensity of

bacterial attachment onto a surface increases with surface roughness?®, whereas others have shown
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the opposite?’?8, Likewise, as for hydrophobicity/hydrophilicity, Hook et al. 2° found no
correlation between bacterial attachment and water contact angle for 496 polymeric materials, even
though other researchers have suggested that superhydrophobic (water contact angle > 150 or
superhydrophilic (water contact angle < 109 materials can mitigate biofouling®. Besides better
clarifying these influences, we also need to improve our understanding of some of these factors to
a quantitative level, which will allow us to accurately predict the tendency of fouling, and

eventually to design “tailored” antifouling surface for specific systems.

My Ph.D. research is aimed at understanding the bacterial attachment trend observed on
nanostructured anodic aluminum oxide (AAQO) surfaces, using a combination of theoretical
modeling and experimental approaches. First, | built upon the extended Dejaguin-Landau-
Verwey-Overbeek (XDLVO) model and added in topographical parameters that enable the
calculation of total force exerted on a bacterial cell by nanoporous AAO surfaces (Chapter One).
A significant negative correlation was found between the theoretical force predictions and the
biomass accumulation on various nanoporous AAO surfaces, which validates the usefulness of the
adjusted XDLVO model for explaining the effect of nanoscale topography on bacterial attachment
— the details are described in the first part of Chapter Two. Despite the proven effectiveness of the
model, the magnitude of the interaction forces predicted by the adjusted XDLVO model should
also be verified to further substantiate the model — the second part of Chapter Two is devoted to
verifying the predicted force-distance plots with single-cell force spectroscopy. In Chapter Three,
the nanoporous AAO surfaces were challenged with bacterial pathogens implicated in illness
associated with food and clinic settings, and the adjusted XDLVO model was applied to explain
the attachment by an even wider range of bacterial strains on AAO surfaces. The model can also

be used as a predictive tool for selecting or engineering desired topographical and surface energy



traits for more effective bacteria-repellent antifouling materials tailored to specific applications
(Chapter Three). Chapter Four investigates a long-range exclusion phenomenon mostly found at
the solid-liquid interface of hydrophilic materials. The implications of this remarkable exclusion

phenomenon for the understanding of bacterial attachment are also discussed in this chapter.
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JUSTIFICAITON AND OBJECTIVES OF THIS RESEARCH

Objective 1 - Develop a mathematical model to quantitatively describe the
physicochemical forces exerted by nanostructured surfaces on bacterial cells

Justification: Bacteria-surface interaction is governed by the interplay between
biological factors and physicochemical factors. A quantitative prediction of bacteria—surface
interaction forces is needed to understand the tendency of attachment by various strains on a
wide range of surfaces. The extended Derjaguin-Landau-Verwey-Overbeek model (extended
DLVO or XDLVO model for short) was developed to explain the interaction between spherical
objects and an ideal surface, however most natural and artificial objects bear surface micro- or
nanoscale features on their surfaces, which are not accounted for by the XDLVO model in its
existing form. In order to directly verify the theoretical predictions generated by the model, the
force-distance trajectory of a microsphere over various nanostructured surfaces should be

recorded with force spectroscopy and compared with model predictions.

Objective 2 — Validate the model predictions with bacterial attachment assays conducted
at various time scales
Justification: Validation of the model predictions with bacterial attachment assay is

necessary for ensuring the accuracy and usefulness of the model.

Objective 3 — Apply the model to bacterial attachment and biofilm formation by various
pathogenic bacteria on a series of nanostructured surfaces, and use the model to build a roadmap

for identifying or engineering effective antifouling materials



Justification: The nanostructured AAO surfaces need to be challenged with pathogenic
bacteria of a variety of physiological and physicochemical properties to demonstrate its
applicability in real life situations. The adjusted XDLVO model allows the expression of total
interaction force as a function of tunable material surface parameters including electrostatic,
surface energy, and surface topography. With the help of the adjusted XDLVO model, it is
feasible to develop an efficient and systematic algorithm to further optimizing surface
topographical features and physicochemical properties, and thus create surfaces with a stronger

ability to prevent bacterial attachment and biofilm formation.

Objective 4 — Develop a quantitative confocal microscopy technique to visualize and
analyze bacterial cell density distribution near liquid-solid interfaces, study the bacteria-
exclusion phenomenon near hydrophilic materials, and investigate the effect of surface

topography on the size of exclusion zones and transition zones.

Justification: Hydrophilic surfaces of both an abiotic and biological origin have been
found to bear particle-exclusion zones (EZ) as large as hundreds of micrometers above fluid-
solid interfaces. While the mechanism for EZ formation is still debated, its unique long-range

particle-repellent property may hold promise for the development of antifouling surfaces.
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CHAPTER ONE
MODELLING THE INTERACTION BETWEEN A BACTERIAL CELL AND

NANOSTRUCTURED SURFACES

1.1.  Abstract

A comprehensive mathematical model was developed to obtain mechanistic understanding
of bacterial attachment on nanostructured surfaces. The force components of the extended DLVVO
theory - the van de Waals, electrostatic, and acid-base forces - were integrated over the nanoscale

cylindrical pores in the anodized aluminum oxide (AAO) surfaces, which allowed the computation
of the total interaction force (Fins'©) and the maximum repulsive force barrier (Fma) as a
function of pore diameter, pore depth, surface porosity. The model predictions revealed that the
smaller pore surfaces (i.e. 15 nm and 25 nm pore AAO) exert greater repulsive Fmax On the
approaching bacterial cell than the larger pore surfaces as well as the nanosmooth control. The
predictions were substantiated by the actual force-distance curves generated by atomic force

microscopy. The adjust XDLVO model can serve as a powerful tool for explaining and predicting

bacterial attachment on nano-engineered AAO surfaces.

1.2.  Introduction

Bacteria attachment and subsequent biofilm formation are affected by numerous factors
including physical and chemical properties of the contact surface, composition and temperature of
the environment, bacteria cell physiology and cell surface properties. The interaction of bacteria
cells with solid substrates has been explained before using the thermodynamic theory, which
considers the effect of surface energy, and the classical Derjaguin and Landau, Verwey and
Overbeek (DLVO) theory, which accounts for the effect of both surface energy and surface charge

on the cell-substratum interactions 3.
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The thermodynamic theory and many experimental observations indicate that surface free
energy of the substratum influences both the strength and reversibility of bacteria adhesion 4. The
relationship between surface free energy and relative bacterial adhesion is frequently illustrated by
the “Baier curve” (Figure 1), which shows that the number of bacteria attached to solid surfaces
reaches a minimum at a surface energy of about 25 mN/m °. This relationship was first reported
in 1973 for biofouling in marine applications and has also been found to hold for microorganisms
and contaminants specific to food processing #®’. The existence of this minimum is well
documented in literature, both for bacteria contaminants including E. coli, Listeria and P.
aeruginosa ®8° as well as for organic matter.® Despite its success in identifying “the universal
minimum in biological stick-to-itiveness” as between 20 and 30 mJ/m?, Baier curve is constructed
based entirely on empirical observations; a more rigorous derivation of this low-fouling surface
energy region from first principles is needed. In Chapter Three, the Baier curve will be
substantiated with a quantitative predictive tool derived from the XDLVO model, “the Fmax

Cloud”, in three-dimensional surface energy space.

Another thermodynamic approach compares the surface free energy before and after
bacterial adhesion, and the total free energy change occurred during the adhesion process is
expressed in the so-called free energy of adhesion (AG44,)"*2. A negative AG 45, Value indicates
that bacterial adhesion lowers the total free energy of the system, and therefore the adhesion event
is likely to occur because it is thermodynamically favorable; conversely, if the adhesion of a certain
bacterial cell onto a surface gives rise to a positive AG,q4, Value, the process is thus
thermodynamically unfavorable, and the substrate surface will appear antifouling against this

particular strain.
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However, there are two limitations associated with the thermodynamic model: 1) it fails to
take into account the interaction between the electric double layer of the cell and the material
surface; 2) it only considers the initial and final energy states but neglects the critical role of energy
barriers during the attachment process. In some cases, the formation of a new cell-substratum
interface, at the expense of the cell-liquid and liquid-substratum interfaces, is thermodynamically
favorable, but kinetically too slow to be practical, due to a huge energy barrier opposing the

attachment process.

Jfoul-release zone

Tt

degree of biological fouling retention

1 | 1 l 1 I
10 20 30 40 80 60 70

critical surface tension of substratum (mN/m)

Figure 1. The Baier curve, which shows the empirical relationship between critical substratum

surface tension and biomass accumulation on such surface (Source: Baier 3).

Bacterium-surface interaction is also described by the DLVO theory **, according to which
the total interaction between a surface and a bacterium cell is the sum of Lifertz-van der Waals
attractive forces and electrostatic Coulomb interactions. The van der Waals forces are dominant in
the vicinity of the surface but decrease sharply with separation distance h as h~, while the Coulomb
interactions become dominant further away from the surface *°. Bacteria and natural surfaces in

aqueous solutions are usually negatively charged, as was the case both for the surfaces and cells
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used in the current study. This gives rise to a repulsive electrostatic energy that increases as the
ionic strength of the surrounding aqueous medium decreases 6. At low ionic strength, when a
bacterial cell approaches a surface it encounters an energy barrier that cannot be overcome solely
by motility or Brownian motion; at high ionic strength, this energy barrier vanishes and bacterial
cells can easily approach the surface and adhere irreversibly 1>17-2°, The DLVO theory was later
modified by van Oss into the extended DLVO (XDLVO) theory 2. The XDLVO theory accounts
for both interactions described above, as well as for hydration forces and the hydrophobic/
hydrophilic forces between bacteria and the surface, which are summarized as acid-base
interaction forces L. The acid-base interaction forces are dominant in the short-range, but they
diminish exponentially in magnitude as the separation distance increases .. The total interaction

FXPLYO can be calculated as the sum of the Lifertz-

force between the surface and the bacterium,
van der Waals attraction (Fyy), the acid-base interaction (F,g) and the electrostatic repulsion (Fg;,)
22 These three XDLVO component forces and their respective physical mechanisms are

summarized in Figure 2.
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E. coli / Listeria

Figure 2. Schematic representation of the physicochemical forces exerted on a typical bacterial
cell by a substrate. Fe.: electrostatic interaction, Fuw: Lifertz-van der Waals interaction, and Fas
acid-base interaction. In the case of an E. coli ATCC 25922 (or L. innocua cell) interacting with

an alumina substrate, the directions of the forces are as shown above.

In general, the LW interactions are attractive, whereas the EL interactions can be attractive
or repulsive, depending on the sign of electrical charges on the substrate and bacteria, respectively.
The AB interactions are based on electron acceptor/electron donor interactions between polar
moieties. Depending on the polarity, or the hydrophobic-hydrophilic properties, these interactions
can be attractive (hydrophobic attraction) or repulsive (hydrophilic repulsion or hydration effects),
and their magnitude may be up to ten-, or even a hundred-fold greater than that of EL and LW.23%*
Nonetheless, despite its critical role in cell-surface interaction, the physics behind AB interactions
is less understood, and the reason for their significant contribution to attachment has yet to be

elucidated.

Compared with the above-mentioned thermodynamic approach, the XDLVO theory is

more comprehensive because it accounts for electrostatic interactions and the properties of the
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bacteria cells, as well as the force (or energy) barriers involved in the attachment process. Sharma
and Rao® studied the bacterial adhesion to pyrite (FeSz) under different physicochemical
conditions (ionic strength and pH) and compared the experimental results with the predictions by
XDLVO and the surface thermodynamics approaches. They found that in general, the XDLVO
approach explains more effectively the attachment of bacteria—bacteria, mineral-mineral or

mineral-bacteria systems than the thermodynamic approach.

Inspired by the promising results of the XDLVO modeling approach in literature, in the
present study the XDLVO theory is selected for modeling the interaction between bacteria and the
nanoporous anodic aluminum oxide (AAQ) surfaces. To correctly model the interaction between
the AAO surfaces and bacterial cells the classical XDLVO model had to be adjusted to account

for the effect of surface topography on the interaction forces.

1.3.  Model Development

1.3.1. Geometry of anodized aluminum oxide

Nanoporous aluminum oxide surfaces with pore diameters of 15 nm, 25 nm, 50 nm and
100 nm were prepared by two-step anodization of high purity aluminum substrate using a

procedure that will be described in the next chapter.

In order to generate a simplified but representative model for anodic alumina surfaces, the
surface topography AAO was inspected by scanning electron microscopy (SEM). Figure 3a shows
an example of a typical cross-section of the anodized layer, comprising ordered cylindrical pore
arrays perpendicular to the surface. Based on this characteristic feature of the anodic layer, the
surface topography was treated as cylindrical pores uniformly distributed across the surface, with

pore diameter, pore depth, and surface porosity as the key surface topography descriptors (Figure
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3b). A typical top-down SEM image of each anodized surfaces and a commercial nanosmooth
alumina surface are shown in Figure 3c. It should be noted that a cylindrical pore model is a more
accurate depiction of the 15 nm and 25 nm pore surfaces than the 50 nm and 100 nm pore surfaces,
due to the irregularity in the pore shape of the larger pore surfaces. Nonetheless, since no
significant departure from a circular shape was detected in the cross section of the larger pores, the
cylindrical pore model should produce acceptable results. No surface feature was observed on the
nanosmooth alumina surfaces at the magnification used for the anodized surfaces, which validated

its use as a smooth control surface for this study.

Another thing that is worth commenting on is the presence of a network of pores linked by
narrow bridges (indicated by their darker color) underneath the surface of the 50 nm and 100 nm
pore surfaces (Figure 3c). This secondary structure was not included in the model because its
impact on total interaction forces was negligible due to its small surface area and relatively far

position from the surface layer.

17



Pore Interpore
diameter Wall distance
: i thickness: :

Anodized Al
layer

Barrier
laver

——

— —

Aluminum

100 nm

Nanosmooth 15 nm

Figure 3. Surface topography of the anodized aluminum oxide substrates and its simplified
model. (a) a SEM image featuring the surface topography as well as the cross-sectional structure
of a typical AAO surface; (b) a simplified model capturing the characteristic cylindrical pores of

the AAO surfaces; (c) representative SEM images of all alumina surfaces used in this study.

To verify the average pore size of each anodized nanoporous surface, the images in Figure
3c were converted to binary images using ImageJ and then subjected to the “Analyze Particles”
function of ImageJ. The histograms for the pore diameter distribution of each anodized surface
are presented in Figure 4. The average pore diameter of 15 nm, 25 nm, 50 nm, and 100 nm pore
surface was 15.0 £3.1 nm (average xstandard error of means), 24.6 8.4 nm, 46.9 £22.3 nm,
and 95.9 +£42.7 nm, respectively. Note that the variance in pore diameter of the 50 nm and 100
nm pore surface is larger than that of the 15 nm and 25 nm surfaces, and their size distribution is

not Gaussian.
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Figure 4. Histograms for the pore diameter distribution of each type of the AAO surfaces. The

blue bars indicate percent frequency and the red line indicate cumulative percentage.
1.3.2. Development of the adjusted XDLVO model

The XDLVO theory is employed here as the foundation of a physicochemical model that
describes the interaction forces between the nanostructured substratum and a bacterium cell. The

total energy needed to bring a bacterium from an infinite distance to a surface is given by 22 :
Adj Adj Adj
U%(c?tlé‘llo = ULW] + UAB] + UEL] @)
The forces associated with these energies are:

XDLVO _ -Adj Adj Adj
FTotal _FLW +FAB +FEL (2)
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where FL‘%\C,” represents the Lifertz-van der Waals attraction forces, F:ij the acid-base

interaction forces and, FEALd’ the electrostatic repulsive forces.

Since the original XDLVO theory is based on the assumption of ideally smooth surfaces
26 «adjusted” (Adj) values of the component forces were calculated, taking into consideration the
nanoporous structure of the surfaces used in this work. Contributions from the vertical surfaces

and the bottoms of the cylindrical pores were also considered.

Moreover, a few simplifying assumptions were made: (i) E. coli ATCC 25922 and L.
innocua cells were assumed to have a spherical shape of equivalent radius of 317 nm and 492 nm,
respectively (these values measured previously for the same strains, under similar environmental
conditions)?’; (ii) surfaces were considered to have a fully wetting (Wenzel) behavior?® ; and (iii)
each surface was assumed to be an infinite planar surface relative to the dimension of a bacterial
cell. The bacteria adhesion test was performed in tryptic soy broth (TSB), approximated to be a
1:1 type electrolyte solution of ionic strength IS = 0.1 M, at pH 7 and T = 310 K. The constants
appearing in the expressions for energy, including the Hamaker constant, the characteristic
wavelength of cell-surface interactions, the constants for the Lifshitz-van der Waals and acid—base
interactions, and surface zeta potential of pure alumina were taken from literature 22262931 The

values of these constants and their sources are provided in Table 1.

The pore depth and radius, surface porosity and the diameters of the bacteria cells were all
determined from SEM images; the zeta potential values of the bacterial cells were determined

experimentally (Table 2).
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Table 1. Values of the constants used for calculating bacteria-surface interaction forces

Symbols  Parameters / constants Values Source

y) Characteristic wavelength of 100 nm Gregory 1981 %°
bacteria-surface interaction

A Characteristic decay of acid- 0.6 nm Bhattacharjee et
base interactions in water al. 1996 26

€ Permittivity of water 80x8.8854x10712 (C2 J1 m?)

ho Minimum separation between 0.158 nm Bhattacharjee et
two bodies al. 1996 %

kg Boltzmann constant 1.38x10% (J K'Y

Ce The elementary charge 1.602x10° C

y Surface tension of water, (multiple values) Li et al. 2004 22

glycerol, diiodomethane
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Table 2. Values of the geometrical parameters of the AAO surfaces

Anodic Alumina Type (Pore Size) Porosity* Pore Depth* (nm)
15 nm 0.176 2559
25 nm 0.260 875
50 nm 0.310 1189
100 nm 0.306 1406

* Measured values

The three interaction forces exerted on a bacterial cell by a nanostructured substratum was

calculated as follows:

1) The Lifertz-van der Waals energy of attraction between the cells and the surfaces,

assumed as infinite planar surfaces, and was calculated using the retarded Hamaker expression:

—-Ha
Upw(h, d) = 6(h+d)[1+14(h+d)/A] o

where H is the Hamaker constant, a the bacteria radius, h is the separation distance between the
bacterium and the surface, d is the depth of cylindrical wells and 2 the characteristic wavelength

of interaction between the bacteria and the surfaces.
The Hamaker constant is given by:
H = —12m hy® AGLy (4)

The interaction energy per unit area, AGyw, between the bacterium and the surface, at the

minimum separation distance ho, is:
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AGrw = 2 =V (reY —vre™Y) (5)

where superscript “LW?” indicates the non-polar component of surface tension, and subscripts “w”,

“b”, and “s” denote water, bacterium, and substrate, respectively.
After adjusting for the presence of nanopores in the substrate, Eq. (2) becomes:
Upw (h,d, P) = P » Upy(h,d) + (1 = P) * Upw(h, 0) (6)
where P is the porosity of the surface (P = Areayores/ATeacotal)-

The adjusted Lifertz-van der Waals force of attraction is then calculated as:

. Adj
Adj _  0Upy
pAd = 2 )

2) The acid-base interaction between a sphere and infinite planar surface:

ho—(h+d))

Uag(h,d) = 2 a 4, AGag e A1 (8)

AGap = 2va(J¥s + 75 —Via) + 2V¥a Wrd + v = v = 2(Jvd vy +
VY ¥5) ©))

where superscript “+” indicates the electron acceptor and “— the electron donor.

According to van Oss 2!, the contact angles of the three probe liquids (water,
diiodomethane, and glycerol) on bacterial cells and nanosmooth alumina can be used to determine

the surface energy parameters used in Eq. 9 by applying the extended Young equation:

(1 + cos@ij)yjtotal =2 (\/VL-LW )/}“W + in+ Yi + \/Vi_ )’j+> (10)
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The measured contact angle values used for calculating the polar and non-polar
components of the surface energies are provided in Table 2. The contact angles measured on
nanosmooth alumina surface are comparable to values found in literature 2232, The surface tensions

of the three probe solutions, denoted by ;’s, are known constants 2%,

Figure 5. The impact of the vertical surface of the cylindrical wall on acid-base interaction was
approximated by a ring of hemisphere distributed alongside the circumference, tangent to the

substrate surface.

Upg(h,d) was modified to account for the contribution of the vertical surface of the
cylindrical nanopores. Because the acid-base interactions are short-ranged interactions, it was
considered that only the very top rim of the vertical surface of the cylindrical nanopores (within 2
nm from the surface) provides additional contribution to the acid-base interaction. This portion of
the internal surface of the cylindrical pores was approximated as a ring of N,g number of
hemispheres distributed uniformly along the circumference (Figure 5). The acid-base interaction
energy between all these spheres (from one cylindrical pore) and the bacterium cell above

it, UNg (h, d) (the superscript “ms” denotes multi-sphere), was calculated by multiplying the

24



number of hemispheres per pore and the interaction energy of one single hemisphere and the

bacterial cell according to Van Oss 2.

ho—h
URs (h,d) = Nys 5 USg(h, d) = m22,AG g (55) (12)
where Uz (h, d) is the acid-base interaction energy between one hemisphere and the bacterium

cell (the superscript “ss” denotes single-sphere).

The most rigorous treatment of the total interaction force would be a double integral over
the infinite planar surface with all the cylindrical pores and a spherical object at certain separation
distance away from the surface. However, such an algorithm is quite computationally demanding.
For this reason, the concept of an effective interaction area (A4,.) between the nanoporous surface
and the spherical object was introduced, which reduced the computational resources while
maintaining the computation accuracy. For F,g and Fg;,, A, can be calculated using the Langbein
approximation, which yields the effective interaction area between a sphere and a flat surface.
Briefly, the AB interaction of a sphere and a surface is the same as that of two planar surfaces at

the same separation distance h if their area is:

Aeap = 2maly (12)
and for the EL interaction, the effective interaction area is:

AepL = 2mak™t (13)

where k™1 is the Debye length, and  is calculated as :

_ 2pie?z?
k= |2 R (14)

where p, ; IS the ionic concentration of ion i in bulk solution and z; is the valence of that ion.
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Note that for the AB and EL interaction, the effective interaction area is independent of the

separation distance h. From the A, the effective radius R, is derived as:

R. = JA,/m (15)

The number of cylindrical nanopores that contribute significantly to the repulsion force

exerted on one bacterium is:
N,, = P * (Re/R)* (16)

where R, is the radius of the effective circular interaction area, P the porosity of the surface, and

R the mean radius of the cylindrical pores.

Hence, the contribution of the N,, cylindrical walls to the total acid-base interaction can be

calculated as:

ho—h
UM (h, R,P) =N, - UBS(h,d) = P * (R,/R)? * m?A,AG pp (5) (17)
The total acid-base interaction energy adjusted for the presence of the pores is then:
USI(h,d, R, P) = PUag(h,d) + (1 — P)Upg(h,0) + U2 (R, R, P) (18)

Finally, the adjusted acid-base interaction force is:

Adj
F/de] aUAB (19)

oh

3) The electrostatic interaction energy between a bacterium and the surface is:

1+e™¥

Upt(h,d) = € a {2, 1 Log [ 2 omep] + (157 + %) Log[1 — =2+ (20)

and
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au
FEL(hJ d) = _a_:L (21)

The total electrostatic force can be treated as the sum of three contributions: (1) from the
surface, calculated as (1 — P) * Fgp.(h, 0); (2) the bottom of the cylindrical wells, expressed as P *
Fg.(h,d); and (3) the walls of the cylindrical wells, Fp2!'s. Fialls was obtained by first
integrating the electrostatic force element (force exerted on an area element of the bacterium
bottom surface by one element of the vertical surface of the pore) over the vertical surface of one
cylindrical pore. Subsequently the result, F5e(h, d), was integrated over the circular interaction
area (with radius R; ) of the bottom surface of a bacterium cell. Finally the contribution from each
pore was multiplied by the number of nanopores within the effective interaction area, N,,, to obtain

the electrostatic interaction contributed by the walls:
FaUS(h,d, R, P) = F§"(h,d) (n R*) N,, (22)

where F5e(h, d) is the electrostatic force per unit bacterium surface area exerted by a cylindrical
pore of depth d, and R; is the radius of the circular interaction area on the bottom surface of a

bacterium cell where the electrostatic interaction is significant.

To determine FS™(h, d), the surface charge density of the bacterial cell and the substrate

were calculated using the Grahame equation:®*

1/2

o (Y, My, My) = \/8ekgT Sinh(Cotp;/2kgT) * [My + M, (2 + e~Ce¥i/ksT)] (23)

where My and M are the bulk concentration of monovalent cations and divalent cations, which
were estimated to be 0.1 M and 0 for TSB, respectively; C. corresponds to the elementary charge;
and v;, corresponds to the surface potential of the bacteria or the substrate. Here, surface

potentials were assumed to be the same as the corresponding zeta potentials. >3
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The total electrostatic interaction force adjusted for the presence of the pores becomes:

FE‘idi = P x Fg(h,d) + (1 — P) % Fg.(h, 0) 4+ Fyalls (24)

The key steps involved in the construction of the adjusted XDLVO model are summarized
in Figure 6. The adjusted XDLVO model was constructed and computed using Mathematica 9.0

(Wolfram, Champaign, IL).

XDLVO _ pAdj | pAdj | pAdj
Frotal = = FLW +FAB +FEL
Adj ;
_WUw Uy
dh oh
‘ g (h,d, R, P) F” (h.d,R. P)
U (h,d,P) = P« Upay (h,d) + (1 = P) * Uy (h, 0) = PUxp(h,d) + (1~ P)Upg(h,0) = P Fo(h,d) + (1= P) = i (A, 0)
+ ulali R p) + Fgy " (h,d, R, P)
Fou ) = - 2L
“ia Ugy,(h, d)

(hD—(h-Hi))
UAB(h' d) =2ma ;I-IAGAB e a1

Acid-Base Interaction Forces
(Repulsive)

ULw(h, d) = 1+ e—n(h+dj]

6(h+d)[1+14(h+d)/2] =mea {2% Yy Lﬂg[m

Van der Waals Attraction + (%2 + %2) Log[1 — e—zx(iud)]}

Electrostatic Repulsion

Figure 6. Key steps involved in the construction of the adjusted XDLVO model. The bottom panel
contains the original formulae of the XDLVO theory; the middle panel contains the modified
formulae that account for the impact of the cylindrical pores embedded in the AAO surfaces; the

top panel shows the condensed formula for the adjusted XDLVO model.

28



1.4.  Results and Discussions

1.4.1. The force-distance relationship for FeL, Fas, and FrLw

Figures Figure 7a and Figure 7b show examples of calculated interaction forces between a
bacterium cell and the 15 nm anodic surface as a function of the separation distance from the
surface, for E. coli ATCC 25922 and L. innocua cells, respectively. By convention, forces pointing
towards the surface (attractive forces) are negative, while forces pointing away from the surface

(repulsion forces) are positive 22,

In close proximity of the alumina surface, within fractions of a nanometer, the bacterium-
surface interaction force for both E. coli and L. innocua is attractive for all surfaces, primarily due
to the short-ranged attractive Lifertz-van der Waals forces, which are dominant at this length scale.
The acid-base interaction force, which is dominant for a separation distance of several nanometers
away from the surface, is strongly repulsive for E. coli (Figure 7a) at all separation distances from

the surface, but mildly so for L. innocua (Figure 7b). For both microorganisms, the dominant

LVO

contribution to FXDL\

for a separation distance beyond a few nanometers comes from the
repulsive electrostatic force, though the maximum of this electrostatic force is only about 1/40 of
the maximum of the acid-base interaction force for E. coli ATCC 25922, or 1/5 for L. innocua on

a 15 nmalumina surface. The values of the forces calculated here are in agreement with the relative

magnitude of these forces reported in previous studies 233,
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Figure 7. Interaction forces between bacterial cells and the 15 nm porous anodic alumina
surface, as a function of separation distance between cells and the surface for (a) E. coli ATCC
25922 and (b) L. innocua (a magnified plot is shown in the insert). EL, electrostatic force; LW,

Lifertz-van der Waals forces; AB, acid-base interaction force; TOT, total interaction force.

1.4.2. Effect of pore diameter on the total interaction force
Figure 8a and Figure 8b show the total force, FXLLY©, calculated for all five types of
surfaces (nanosmooth control, 15 nm, 25 nm, 50 nm, and 100 nm pore AAO) as a function of the

separation distance h. With regard to the interaction between E. coli ATCC 25922 or L. innocua
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and the AAO substrates, the smaller pore surfaces (15 nm and 25 nm pore diameters) gave rise to
greater maxima for FXDLYO than the larger pore surfaces (50 nm and 100 nm pore diameters)

otal

(Figure 8). This maximum represents the apex of the force barrier a cell needs to overcome to

further approach the surface, and will be referred to as “Fmax from here on.
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Figure 8. Total force exerted by the alumina surfaces on the bacterial cells as a function of
distance from the substrate surface for (a) E. coli ATCC 25922 and (b) L. innocua (a magnified

plot is shown in the insert). D, pore diameter.
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It is worth noting that the force-distance curves in Figure 8a and Figure 8b were calculated
using the real geometrical data of AAO surfaces obtained from the SEM images (Table 2). Besides
pore diameter, porosity and pore depth also contributed to the observed differences in Fmax. This
is mainly because current anodization techniques do not allow the independent variation in pore
size without changing the value of porosity, and thus the topographic parameters of the AAO
surfaces are coupled. Therefore, we should be very cautious about oversimplifying the message,
since both the surface porosity and the pore diameter, and to a lesser extent the pore depth,

contributed to the greater magnitude of Fmax 0f the 15 nm and 25 nm surfaces.

1.4.3. The additional repulsive force from the vertical pore walls

The next question that needs to be addressed is why do the smaller pore AAO surfaces
generate greater total interaction force compared to the larger pore surfaces or the nanosmooth
control? First, it should be emphasized that among the three key physicochemical forces, FeL and
Fag are “surface forces”, meaning that their magnitude is influenced by the surface area of the
interacting objects, whereas Frw is a “body force”, meaning that its magnitude depends on the
volume of the interacting objects. Therefore, it can be expected that FeL and Fag will increase as a
result of the tremendous increase of the bacteria-surface interaction area contributed by the
cylindrical walls, while FLw decreases slightly due to the hollow volume represented by the pores.

Consequently, due to the increase in magnitude of the repulsive force and the decrease of the

XDLVO

attractive force, the total repulsive force, F5 ~, increased drastically as the density of vertical

pores per unit surface area increased, which was the case for the 15 nm and 25 nm pore surfaces.

To better explain this, the Fe. force field, chosen because of its well-defined physics,

generated by a nanosmooth surface compared the porous AAO surfaces was plotted in Figure 9a.
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It is apparent by comparing the top and bottom force fields that the internal vertical surface of the
cylindrical pore gives rise to the peaks localized near the rim of each pore. The resulting repulsive
electrostatic forces generated by a porous surface are schematically represented in Figure 9b.
Since the 15 and 25 nm pore surfaces have more densely packed pore arrays, they lead to larger
repulsive electrostatic forces per surface area as compared with the larger pore size surfaces.

a Specific Fel(Top) [107% nN nm™2] b
12

- 10}

I— — 1 .
8 . nm
6 . 0 nm
54

[wiwiwlw

r[nmj
-100 -50 0 50 100

Figure 9. The mechanism underlying the higher repulsion force emanate from the small pore
surfaces. (a) the electrostatic force field along an arbitrary diameter of a surface disc (top) and
its respective cylindrical pores (bottom) for each AAO surface (i.e. 15 nm, 25 nm, 50 nm, and
100 nm) at a separation distance of 2 nm; (b) a schematic representation of the additional

repulsive force arising from the vertical walls of the cylindrical pores.

The vertical surface of the pores also gives rise to a “high pressure” region along the rim
of the pore, which may be perceived by the cell membrane’s mechano-sensors as nanoscale

roughness, triggering responses at genetic level®. Future research is needed to investigate the
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transcriptomic changes that may occur before and after exposing bacterial cells to nanoporous

AAO surfaces, in order to probe any biological response triggered the nanoscale topography.

1.4.4. The effect of pore depth on total interaction force

Force calculations conducted for a nanosmooth alumina surface and a bacterial cell indicate

that the acid-base interactions are short-range (< 2 nm). Therefore, when incorporating Fy%1s

in
the adjusted XDLVO model, it was considered that only the top rim of the vertical surface of the
cylindrical nanopores (2 nm from the surface) effectively contributes to the acid-base interaction.
For the simplicity of calculation, the internal surface of the cylindrical pores was approximated as
a ring of hemispheres of 2 nm diameter distributed uniformly along the circumference of a pore.

This should provide a sufficiently good approximation for large pore depth (>100 nm), as was the

case in this study (Table 2).

To further investigate the impact of pore depth on the total interaction force for shallow
pores, the one-ring model was extended to a k-ring model: k represents the maximum number of
hemisphere layers that can be fit along the pore depth. The radius of each hemisphere was set to

0.2 nm because the radius of an oxygen atom and an aluminum atom are both close to 0.15 nm,

XDLVO

and also because this radius allows the Fr . resulting from a deep pore (> 100 nm) to be the

same for the one-ring and k-ring model (Figure 10a). This modification enables the investigation

of the relationship between FX2LYO and pore depth below 2 nm, with a resolution of 0.2 nm. If

LVO

a1~ First increases

we consider a single pore indenting into a flat surface (Figure 10b), the Fio
rapidly for the initial 5 nm under the surface, then the force increase slows down. Once the pore
depth exceeds 20 nm, the additional surface area gained by the deepening of the pore virtually

stops contributing to the magnitude of the total interaction force, likely due to the short effective

range of the acid-base interaction.
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This observation has two important implications: 1) pore depth has a significant impact on

FXPLYO pelow a pore depth of 10 nm; 2) the increase in pore depth has negligible influence on

FXPLYO when pore depth is large (> 100 nm). This means that a shallow pore of depth of 5 nm

provides the large majority of the repulsive force contributed by a cylindrical pore. From a practical
perspective however, when exposing such nanoporous surfaces to complex media (i.e. milk, juice,
blood, etc.) shallow pores are more vulnerable to fouling caused by the adsorption of proteins and

polysaccharides. This makes deeper pores more favorable for such applications.

Hemispheres
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Figure 10. The effect of pore depth d on total interaction force FADLYOat various separation

distances h from the surface for an E. coli ATCC 25922 cell and a 15-nm pore AAO surface. (a)
schematic representation of the extension of the one-ring model to the k-ring model; (b)

FXBLVO 35 a function of pore depth at five different separation distances.
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1.4.5. Verification of the adjusted XDLVO model in a model system

Verification of the predicted force-distance trajectory is critical to proving whether or not
repulsive forces are responsible for the antifouling effect observed with the 15 nm and 25 nm pore
anodic alumina surfaces. In this work, a verification of the model was conducted using single-cell
force spectroscopy (SCFS), using Atomic Force Microscopy (AFM). While attempts were made
to conduct these validations using single bacterial cells, due to challenges associated with
functionalization of AFM tips with single bacterial cells, ultimately a validation was conducted

using polydopamine (pD) -coated microspheres.

A single pD-coated microsphere was immobilized on an AFM cantilever using a UV-
curable adhesive, and the interaction forces between the microsphere and the various
nanostructured AAO surfaces were measured in TSB. This colloidal model system was selected
for two reasons: first, the physicochemical properties — i.e. zeta potential, surface energy
components, and geometry — of the pD-coated microsphere could be experimentally determined,
and then plugged into the adjusted XDLVO model to generate theoretical force-distance (FD)
curves. The model was then validated by directly comparing these force curves with the force
curves recorded using the colloidal AFM probe. Secondly, pD-coated microspheres can
potentially mediate the immobilization of a single live cell on a tipless triangular AFM cantilever,
which would allow direct measurement of cell-surface or cell-cell interaction forces.®®*’ The
force-distance curves generated with the pD-coated microsphere will provide a baseline value for

future single bacterial cell FD curves.
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1.4.5.1. Preparation of microsphere-modified AFM probes

The protocol published by Beaussart et. al.*®3” was followed. Briefly, using an Asylum
MFP-3D™ AFM (Asylum Research, Goleta, CA), triangular shaped tipless cantilevers (NP-O10,
Bruker, Santa Barbara, CA) were slowly brought into contact with a very thin layer of ultraviolet
(UV)-curable glue (NOA 63, Norland Edmund Optics, NJ, USA) spread on a glass slide, and
slowly touched down on silica microsphere of 6.1 um average diameter (Bangs Laboratories, IN,
USA) (Figure 11a). The appropriate amount of glue (2 um in droplet diameter) is critical for the
successful pickup of the sphere, since too much glue will result in submersion of the sphere in the
glue. The microsphere-modified probe was immediately cured for 10 min at 365 nm using a hand-
held 4-watt UV lamp (Norland Edmund Optics, NJ, USA). To accurately quantify the interaction
between the microsphere and a solid substratum, it is critical for the microsphere to be fixated at
the center point of the farthest edge of a triangular cantilever. For this reason, the quality of a
microsphere-modified probe was examined under SEM (Figure 11b and 38c) and fluorescence
microscopy (Figure 11d). Figure 11d was acquired using an invert 63 X oil lens of a Zeiss 710
laser scanning microscope with an excitation wavelength of 488 nm. These images indicated that the
microsphere was securely fixated at the desired location. To coat the colloidal probe with a
homogeneous layer of polydopamine, the microsphere-modified cantilever was immersed for 1 h
in a 10 mM Tris Buffer solution (pH 8.5) containing 4 mg/mL dopamine hydrochloride (99%,
Sigma). The incubation process was carried out in isolation from light to ensure optimal

polymerization of dopamine 3’8
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Figure 11. Modification of a tipless triangular AFM cantilever with a single silica microsphere.
(a) Schematic representation of the adhesion process using an AFM; (b) SEM image of the
microsphere modified AFM tip; (c) magnified image of the tip in (b); (d) fluorescence
microscopy image of the tip. The green fluorescence came from the UV-curable glue used to

mediate the adhesion.

1.45.2. Determination of the physicochemical parameters of the

polydopamine coating

Before coating with polydopamine, glass cover slides (24 x 55 mm, Deckglaser,
Guntersville, AL, USA) were carefully rinsed with copious acetone, isopropanol, and DI water,
followed by 30 min of sonication in DI water, then air-dried under a biosafety hood for 30 min.
These glass slides were then submerged in dopamine solution (2 mg mL™?, in 10 mM Tris-HCI
buffer, pH 8.5) and incubated for 24 hat 21 <C. Since the polymerization rate of dopamine solution
is very light sensitive, the sample was carefully shielded from light using aluminum foil for the

entire incubation process. Such incubation conditions were shown to result in a uniform
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polydopamine coating with thickness around 40 nm on the glass cover slides.®® The pD-coated
glass slides were air-dried under a biosafety hood for at least 30 min before contact angle or surface

zeta potential measurement.*

Contact angles (CA) on pD-coated glass slides were determined by the sessile drop method
using a Rame-Hart 500 goniometer (Rame-Hart Inc., Succasunna, NJ) 122, Three probe liquids
were used: water (Mili-Q; Merck Millipore Ltd., Billerica, MA), glycerol (Mallinckrodt, St. Louis,
MO), and diiodomethane (Sigma-Aldrich Corp., St. Louis, MO). The advancing angles of each
liquid on polydopamine-coated glasses were recorded and then used for calculating the surface
energy components of polydopamine. CA measurements of each probe liquid were repeated five

times on independently coated glasses.

The surface zeta potential of polydopamine was measured using a Malvern Zetasizer nano-
ZS (Malvern Instruments Ltd., Malvern, Worcestershire, UK) with a surface zeta potential cell
(Malvern Instruments Ltd., Malvern, Worcestershire, UK). The glass slides were cut into
rectangular pieces with the dimensions 5 mm x 3 mm x 1.5 mm (length x width x thickness),
which were cleaned and coated with polydopamine (pD) using the protocol described above. After
30 min of drying in air under a biosafety hood, the pD glass slides were mounted onto the plastic
stage of the surface zeta potential cell via a double-sided Scotch™ tape. The cell was submerged
in a BPB buffer (pH 7, ionic strength = 0.1 M, 21 <C) that simulates the TSB medium used for the
AFM experiment. The surface zeta potentials of the pD glasses were calculated by the Zetasizer
Nanosize software based off of the apparent zeta potentials of the tracer particles at five positions:
125 pm, 250 pm, 375 pm, 500 pm, and 675 pm apart from the solid-liquid interface. The values

of contact angles and zeta potentials of the polydopamine coating are summarized in Table 3.
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Table 3. Contact angles (CA) and zeta potential values of the polydopamine coating

Contact angles (9 in various liquids, N =5 Zeta potential
V
Substrate WCA DCA GCA (mV),
. N=3
(water) (diiodomethane)  (glycerol)
pD-coated glass 21.14#2.0 34445 10.8%2.2 -32.9+.1

1.45.3. Force-distance curves for a pD-coated microsphere interacting

with various alumina substrates

l. Experimental methods: AFM setup and probe calibration

Nanosmooth alumina (controls) and AAO coupons (1 cm x 1 cm) were rinsed with acetone,
isopropanol, and sonicated in DI water for 1 h to remove any surface contaminants. After that,
each surface was dried with nitrogen gas and mounted onto a microscope glass slide using double-
sided tape. A liquid droplet method was used to measure the interaction force between a colloidal
probe and the surfaces in TSB (Figure 12). First, a volume of 50 L of sterile TSB medium was
deposited onto the AAO surface, followed by 10 min of equilibration. To calibrate the spring
constant of the pD-coated colloidal probe, the entire AFM tip was slowly lowered into the
equilibrated TSB medium. By using the thermal tune function, the spring constant of the pD-coated
microsphere probe in TSB at 21 <C was determined to be 93.3+12.8 pN/nm (average *standard
deviation) (N = 3). Immediately after calibration, the forward (approach) F-D curves were

determined by lowering the AFM probe towards the substrate surface at a constant speed of 1.00
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um s, starting from a separation distance of 1000 nm until a ‘trigger’ force of 10 nN was reached,
upon which the probe was retracted to the starting position. A low approaching speed of 1.00 um
st was chosen to limit the hydrodynamic drag on the cantilever below 10 pN. This value was
measured in water “°; the viscosity of TSB at 21 <C is very close to that of water. This threshold
value of the hydrodynamic drag is two orders of magnitude smaller than the measured surface
forces. This process was repeated on five representative spots on each of the surfaces (nano-
smooth, 15 nm, 25 nm, 50 nm, and 100 nm pore AAQO), in a randomized order. A different

colloidal tip was used for each set of surfaces, and three sets of surfaces were used for this study.

1 piezoelectric
unit

pD-coated microsphere

Figure 12. The experimental setup for AFM force-distance measurement using the liquid
droplet method. (a) Photo of the AFM-Fluorescent microscope system; (b) schematic
representation of a microsphere-modified probe interacting with an alumina substratum

submerged in TSB.
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1. Results and discussions

The F-D curves generated by AFM and the theoretical F-D curves predicted by the adjusted
XDLVO model are shown in Figure 13a and Figure 13b, respectively. As predicted by the adjusted
XDLVO model, the actual total microsphere-surface interaction force was the greatest for the 15
nm-pore AAO (black circles in Figure 13a), followed by the 25 nm-pore (blue circles), and then
the 50 nm-pore (red circles) and the 100 nm-pore (purple circles). For all AAO surfaces, the
experimental and the theoretical curves both show an increase in the magnitude of the total
interaction force as the separation distance between the microsphere and the substrates decreases.
However, the predicted peaks and the subsequent steep decrease in force due to the attractive acid-

base interaction in close proximity to the surfaces were not found in the measured AFM curves.
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Figure 13. Force-distance curves measured experimentally with AFM and those predicted
theoretically by the adjusted XDLVO model. The theoretical curves are calculated based on the
interaction between a polydopamine-coated silica microsphere (R = 3.0 um) and AAO

substrates with different pore sizes.
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One possibility for this disagreement is that the microspheres might have some surface
roughness at the nanoscale and might also have large-scale polarity (imperfect spherical shape),
which can be noticed in Figure 11c. Any surface irregularities of the microsphere could result in
local physical contact between its surface topography and the substrate at an apparent separation
distance greater than zero, leading to errors in the force measurements near the surfaces (a few nm

separation distance).

To analyze the similarity between the two sets of curves, representative points from each
AAO surface type were extracted from the actual and the predicted curves. These data points were
sampled over a separation distance ranging from 5 nm to 40 nm, with a step size of 5 nm, which
resulted in eight points per type of surface, as shown by the dashed arrows in Figure 13b. A
correlation plot between these values was generated (Figure 14). A statistically significant linear
correlation (p < 0.001) was obtained between the experimental and predicted force values,

indicating that overall the model reflects well the actual force curves (R? = 0.879).

Despite the good correlation between predicted and measured values, as well as in the
relative magnitude of the microsphere-surface interaction forces for the different surfaces, the
absolute magnitude of the measured force was approximately five times larger than the predicted
values (y = 5.2 x). It is possible that some assumptions adopted by the model, such as the
calculation of effective area by the Langbein approximation, may have led to this discrepancy in
magnitude. The possibility that mechanism(s) other than those considered by the XDLVO theory
could have contributed to the total interaction force, particularly the repulsive force, should not be
excluded. For instance, Chapter Four of this dissertation will provide experimental evidence for a
long-range phenomenon occurring at hydrophilic interfaces, known as “exclusion zone”, whose

existence cannot be explained by the XDLVO theory alone.
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Figure 14. Correlation plot between the total interaction force measured by AFM and the force
predicted by the adjusted XDLVO model for a pD-coated silica microsphere interacting with
alumina surfaces, in TSB. For each surface force values at eight separation distances were

sampled. The error bars present standard error of means (N = 15 for each data point).

It is also possible that the actual measurements may introduce some errors, and this has to

be further explored in the near future.

1.5.  Conclusions

In this work, the extended XDLVO model was adjusted by integrating the force
components over the topography to account for the impact of surface nanoscale structures on
bacterial attachment. The adjusted extended XDLVO model predicts that AAO surfaces with 15
nm and 25 nm pores exert greater repulsive force and higher maximum force barrier (Fmax) than

the larger pore AAO surfaces and the nanosmooth alumina.
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The vertical internal surfaces of the densely-packed cylindrical pores of the smaller pore
AAO surfaces were identified as the source of the additional repulsive force leads to the greater
Fmax. Pore depth was found to significantly affect total interaction force when the pore is shallow

(<5 nm), yet hardly influence the force when the pore is deep (> 100 nm).

AFM measurements verified the model prediction that the total repulsive force exerted on
a micrometric scale object is greater for the 15 nm and 25 nm pore AAO surfaces than the 50 nm
and 100 nm ones. Some differences in the magnitude of measured vs. predicted forces point to
either some systematic model errors or the existence of additional repulsive mechanisms that may

not have been accounted for by the model, which will be in part discussed later in this thesis.
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CHAPTER TWO

ALUMINA SURFACES WITH NANOSCALE TOPOGRAPHY REDUCE ATTACHMENT

AND BIOFILM FORMATION BY ESCHERICHIA COLI AND LISTERIA SPP !

2.1.  Abstract

Prevention of bacterial biofilm formation is of critical importance to areas like medicine,
dentistry, food processing, or water treatment. This work reports on a simple, robust and
scientifically sound method to develop surfaces able to reduce microbial attachment and biofilm
development. Anodic surfaces with cylindrical nanopores of 15 to 100 nm diameter were
manufactured and incubated with Escherichia coli ATCC 25922 and Listeria innocua. Surfaces
with 15 nm and 25 nm pore diameter significantly repressed attachment and biofilm formation.
Surface-bacteria interaction forces calculated using the extended Derjaguin Landau Verwey-
Overbeek (XDLVO) theory indicate that reduction in attachment and biofilm formation is due to
a synergy between electrostatic repulsion and surface effective free energy. An attachment study
using E. coli K12 strains unable to express appendages also suggests that the small-pore surfaces
may inhibit flagella-dependent attachment. These results can have immediate, far-reaching

implications and commercial applications, with great benefits for human health and life.

2.2.  Introduction
Biofilm formation by pathogenic bacteria has harmful, sometimes fatal, consequences and

can pose severe contamination problems in medicine, dentistry, food processing, and water

! The main content of this chapter is published in the Biofouling paper: Alumina surfaces with nanoscale topography
reduce attachment and biofilm formation by Escherichia coli and Listeria spp. Biofouling 2014, 30 (November),
1253-1268. Authors: Guoping Feng, Yifan Cheng, Shu-Yi Wang, Lillian C. Hsu, Yazmin Feliz, Diana A. Borca-
Tasciuc, Randy W. Worobo, and Carmen I. Moraru.
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treatment. For instance, colonization by bacteria on medical devices and biofilm-related
infections account for 80% of all human bacterial infections *. Nosocomial infections in hospital
settings, commonly associated with contaminated medical devices, represent one of the leading
causes of death in the US 2. Biofilms formed by pathogenic organisms in food processing plants
are a major culprit in foodborne diseases, which claim thousands of lives and amount to financial
losses of about $78 billion/year in the US alone 3. Therefore, significant efforts are made to
develop solutions for preventing biofilm formation, in order to effectively combat microbial
contamination in environments that directly affect human health and life.

Bacterial adhesion to surfaces is the first step in the development of biofilms. Microbial
biofilms are cohesively structured, three-dimensional matrices that are notoriously difficult to
remove by physical and chemical means. Besides microbial cell surface properties and
environmental factors, the physicochemical properties of the surface, including topography and
roughness, free surface energy and surface charge are critical to attachment of bacteria cells and
subsequent biofilm formation *2.

The effects of surface topography and roughness at the microscale on attachment have been
extensively studied, sometimes with contradictory findings. Several studies conducted with
microorganisms of interest for medical and food processing environments, including
Streptococcus thermophilus, Streptococcus waiu, Listeria monocytogenes, and Flavobacterium
odoratum, reported inconclusive correlations between surface roughness and bacterial adhesion
5910 " In contrast, other studies indicated a significant impact of surface roughness on attachment
1112 Apart from roughness, a defined surface topography has also been shown to influence
bacterial attachment. In general, surfaces with channels, pits or pillars of dimensions comparable

to bacteria cells appear to impact bacterial attachment, while surface details at a scale larger than
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the cell size do not affect it significantly *%. Some of these effects are in part due to the
interaction between the adhesins on bacteria surface, including flagella, fimbriae, or curli, with
elements of surface topography 7-1°. A recent study by Friedlander et al. reported that flagella
expressed by E. coli can reach into surface crevices and act as structural elements in attachment
and biofilm formation 2°. Recent studies from our group indicate significant differences in
expression of cellular appendages as a response to surface topography in the micro- and nanoscale
range 2.

Adhesion of bacteria cells to nanostructured surfaces is recognized to be significantly
different from that on bulk or microstructured materials 223, Typically, explanations of this
behavior allude to the fact that nanostructured materials possess greatly altered surface chemical
and physical properties. For instance, nanostructuring can induce significant changes in effective
surface charge and effective surface free energy, which affect attachment and biofilm formation
24_

The ability to induce changes of surface properties using nanostructuring represents a great
opportunity to design materials able to effectively repel microorganisms. However, in most cases
nanostructuring requires expensive nanofabrication methods, which render the approach
prohibitively expensive for many practical applications. Nanostructured surfaces can also be
extremely delicate and incompatible with the stringent cleaning procedures used in many industrial
or medical applications. Compared to other nanofabrication methods, anodization is a widely
available surface treatment that produces an oxide which, under well-controlled conditions,
exhibits a nanoporous structure. The anodic oxide is chemically inert to many cleaning agents and
has excellent wearing properties. Anodization is used on an industrial scale and can be applied to

large surface areas, as well as three-dimensional parts. Aluminum anodization in particular is a
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widely used process, with countless industrial applications 2°. By controlling the applied anodizing
voltage and bath composition, Al anodization produces cylindrical, parallel pores oriented
perpendicular to the surface, of defined pore diameter and surface porosity 227, Using two-step
anodization, cylindrical pores organized in a hexagonal array can be obtained °.

This study explores the effect of nanoscale topography created by anodization on the
attachment and biofilm formation by gram-positive and gram-negative bacteria, the mechanisms
responsible for the impact of nanoscale surfaces on attachment, and demonstrates a simple yet

robust solution to prevent bacteria attachment by controlling surface properties.

2.3. Materials and Methods

2.3.1. Surface Fabrication

Nanoporous aluminum oxide surfaces with pore diameters of 15 nm, 25 nm, 50 nm and
100 nm were prepared by two-step anodization of high purity aluminum substrate (99.99%, Alfa
Aesar). The Al substrate was first subjected to mechanical and electrochemical polishing, to obtain
a smooth surface. An annealing process was performed between the two polishing steps to release
internal stresses /. Prior to the first anodization step, the Al substrate was immersed in an etchant
to remove the thin alumina layer formed during electrochemical polishing. After that, the first
anodization step was carried out. The voltage and anodizing mixture depended on the desired pore
size. For anodization, a setup similar to the one used for electrochemical polishing was employed,
with the difference that the reaction was carried out at room temperature. The pores formed during
the first anodization are usually disorganized at the surface, but self-organize as they grow deep
into the substrate. Hence, this first porous alumina layer was etched away and a second anodization
step was performed 6. In the second step, pore growth was initiated from dents left over by the

nanopores in the first layer which lead to regular surface features 262/, Nano-smooth aluminum
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oxide with dimensions of 10x10>0.5 mm (Alfa Aesar, Ward Hill, MA) was used as the control

surface.

2.3.2. Bacterial cultures and media

The bacterial strains used in this study were the gram-negative E. coli ATCC 25922, which
has been used before as a surrogate for E. coli 0157:H7 in attachment studies 2, and the gram
positive bacteria L. innocua FSL C2-008; L. innocua strains have been used in previous attachment
studies as surrogates for pathogenic L. monocytogenes 2°. In addition, four strains of E. coli K12
wild-type (WT), flagellum-deficient (4flgA), fimbriae-deficient (4fimH) and curli-deficient
(4csgA) mutants were used to study the impact of surface adhesins on attachment. The E. coli K12
strains were obtained from National BioResource Project at National Institute of Genetics in Japan.
All cultures were maintained at -80<C in TSB (Difco, Becton Dickinson and Company, Sparks,
MD) with 20% (v/v) glycerol. E. coli K12 mutant strains were maintained in same medium with
30 g/ml of kanamycin. The strains were reactivated on tryptic soy agar (TSA, Difco). Bacteria
cultures were grown in capped culture tubes with TSB at 37<C, with shaking at a speed of 225
rpm.

2.3.3. Characterization of surfaces by scanning electron microscopy (SEM)

The surface topographic features and bacteria attachment were visualized using a Zeiss
LEO 1550 field emission scanning electron microscope (Carl Zeiss Microscopy, LLC, Germany).
For analyzing the bare surfaces, small coupons of each substrate were cleaned using two cycles of
30-min sonication in Milli-Q water, then rinsing in absolute ethanol. For visualizing surfaces with
attached bacteria cells, alumina surfaces were retrieved at 48 h of incubation and rinsed in sterile
water to remove unattached cells. Bacteria on surfaces were initially fixed using 2.5% (w/v)

glutaraldehyde in 0.05 M sodium cacodylate buffer at 4<C for 2 h. Samples were rinsed in
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cacodylate buffer three times, for 5 min each time, then subjected to a secondary fixation step
using 1% (w/v) osmium tetroxide in cacodylate buffer, for 1 h. The fixated samples were rinsed
in cacodylate buffer three times as described above, then dehydrated using gradient ethanol
solutions of 25% (v/v), 50%, 70%, 95%, 100% and 100% for 10 min each. Samples in 100%
ethanol were critical point-dried with carbon dioxide. Dried surfaces were mounted on SEM stubs
with carbon tape and coated with evaporated carbon. A voltage of 1-5 kV and working distance
of 2-3 mm were used, depending on the sample. Images were acquired using the accompanying

software SmartSEM (Carl Zeiss Microscopy).

2.3.4. Bacterial attachment and biofilm formation

Bacteria strains were subcultured from freshly streaked colonies on TSA in 4 ml of TSB
for 24 h. A volume of 10 pi culture was transferred to 3 ml of fresh TSB and incubated for 12-15
h. The alumina surfaces were cleaned using two cycles of 30-min sonication in Milli-Q water, and
sterilized by rinsing in absolute ethanol. The clean and sterilized alumina surfaces were vertically
placed in TSB containing the E. coli or L. innocua culture, without shaking, and incubated at 37<C

for up to 96 h.

2.3.5. Visualization and quantification of biofilm matrices using confocal laser

scanning microscopy (CLSM)

Surfaces prepared as above were sampled at 30 min, 48 h and 96 h of incubation. The
nanosmooth (control), 15 nm, 25 nm, 50 nm and 100 nm pore size surfaces were vertically placed
in stationary-phase E. coli ATCC 25922 and L. innocua cultures at 37 <C for 30 min. TSB with a
1:100 (v/v) inoculation from 16-h old cultures were used for incubation with surfaces for the 48-h
and 96-h time points. The alumina surfaces with attached cells were removed gently from the

bacteria culture and rinsed using a swirling motion in sterile saline solution (0.15 M NaCl) 3 times,
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to remove unattached cells. The surfaces were then submerged in 2 ml of the saline solution
containing 4 pd/ml of the Live/Dead BacLight 1:1 mixture of the Syto 9 and red-fluorescent
propidium iodide (Molecular Probes Inc., Eugene, OR). The nucleic acid stains were allowed for
integration for at least 15 min prior to CLSM. Surfaces were then removed from the Live/Dead
BacLight solution and rinsed in sterile saline solution another 3 times before being used for CLSM.
Surfaces were then placed with the surface of interest facing down in saline solution in glass-
bottom culture dishes (MatTek Corporation, Ashland, MA) during CLSM analysis so that the
integrity of the biofilm matrix and its architecture was maintained.

A Zeiss 710 confocal laser scanning microscope with upright objectives was used for image
acquisition. An excitation wavelength of 488 nm with two channels was used for both
fluorophores. Images were acquired with a Plan-Apochromat 25> oil immersion objective lens at
a scanning speed of 9 and frame pixels of 512>512 (pixel size = 0.66 pum), corresponding to a
surface area of 338.4>338.4 um?. The laser power and pinhole were set to 2.8% and 1.0 airy unit,
respectively. Laser gain for both channels was continuously adjusted to eliminate and minimize
oversaturation or undersaturation of the fluorophores. The attached cells and biofilms attached to
the surface were scanned in 3D mode (z-stack scanning) from the surface to the highest point of
the biofilm matrix. The step size for z-stack scanning was 1.0 pm. Five randomly selected, but
evenly spaced spots per surface were chosen for scanning. Three-dimensional structures of biofilm
matrices were constructed and visualized using the image analysis software Volocity (version
5.2.1, PerkinElmer, Waltham, MA).

Quantification of the biofilm volume and thickness was performed using the software
package COMSTAT, developed by Heydorn et al.*® Threshold values (2 to 3) were assigned to

individual image stacks. The biomass volume (pm?®/pm?) and the thickness of the layer of attached
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bacteria were quantified. Since the biomasses formed by live and dead cells were similar in trend,

the quantification of biofilm matrices was based only on live cells.

2.3.6. Assessing the role of bacterial appendages in initial attachment to
nanoporous alumina surfaces

E. coli K12 isogenic mutant strains of wild type (WT) and genes of flgA, fimH and csgA
were selected from the Keio mutant library consisting of single-gene knockouts 3. The selection
of the genes was based on previous findings that knockout of these related genes resulted in
significant reduction in biofilm formation, suggesting their possible role in attachment and early
biofilm formation *°. These genes encode essential structural proteins in flagella, fimbriae and
curli. Specifically, flgA, fimH and csgA encode major assembly protein for flagellar basal-body
periplasmic P ring, Type 1 fimbriae adhesin unit, and curlin major unit, respectively. Bacterial
attachment was quantified by plating the cells detached from surfaces to tryptic soy agar (TSA)
and calculated as CFU/cm? (i.e. CFU/surface) according to a method described previously ° with
minor modifications. All strains were loop-inoculated and cultured in TSB at 37 <C for 16 h with
aeration (225 rpm). The strains were subcultured in a fresh medium by a 1:100 (vol./vol.)
inoculation until cell density reached ODeoonm = 1.1 (10° cells/mL), which took approximately 3.5
h. The 15 nm and 100 nm pore size surfaces were vertically placed in 3 ml of TSB containing each
strain at 37 <C for 30 min. The surfaces were retrieved after 30 min and rinsed three times by
gently swirling in 15 ml of 0.15 M NacCl solution to remove loosely attached cells. The rinsed
surfaces were sonicated in 2 ml of 0.15 M NaCl for 10 min to detach the attached cells. The
recovered cell suspension was serially diluted and plated on TSA, which was then incubated

overnight at 37 <C. The experiments were repeated independently for at least three times.

56



2.3.7. Measurement of contact angles

Contact angles on bacterial cell lawns and alumina substrates were determined by the
sessile drop method using a Rame-Hart 500 goniometer (Rame-Hart Inc., Succasunna, NJ) 3233,
To measure the contact angles of bacterial cells, E. coli ATCC 25922, L. innocua and E. coli K12
strains were cultured as described above. They were harvested at stationary phase by
centrifugation at 4 <C and 5,000 rpm for 10 min using a Hettich 32R benchtop centrifuge (Hettich
Instruments, Beverly, MA). The cells were washed by resuspending in 30 mL of Butterfield’s
phosphate buffer (BPB; pH 7.0 0.2, ionic strength = 0.01 M) and subsequently subjected to
centrifugation under the same conditions. The harvested cells were re-suspended in BPB prior to
filtration. E. coli ATCC 25922 and L. innocua cell lawns were then prepared by filtering 30 mL
of the cell suspension under vacuum through a polyethersulfone (PES) membrane (0.45 um pore
size, 47 mm diameter, Millipore Express Plus; Merck Millipore Ltd., Billerica, MA) using a
magnetic filtering funnel (300 mL, 47 mm diameter; Pall Corp., Port Washington, NY). This was
followed by drying under vacuum in the same funnel for at least 1 h. Each PES membrane,
containing approximately 70 layers of bacteria, was mounted onto a microscope slide with double-
sided tape and allowed to dry under a biosafety hood for another 10 min. Contact angles were
measured with deionized ultrapure water (Mili-Q; Merck Millipore Ltd., Billerica, MA), glycerol
(Mallinckrodt, St. Louis, MO), and diiodomethane (Sigma-Aldrich Corp., St. Louis, MO), using
the dynamic mode of the goniometer. Stable advancing angles were averaged to determine the
contact angle. For each strain, three independently grown cultures were used. At least two lawns
of each strain were prepared and measured with all three liquids. Contact angles for the E. coli

K12 cell lawns (i.e. WT, AflgA4, AcsgA, and AfimH) were determined following the same protocol,
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with the exception that the lawns were not subjected to the 10-min drying step in order to avoid
cracking.
Contact angle measurements on nano-smooth alumina substrates were performed in

triplicate, using the same set of probe liquids as for the bacterial cells.

2.3.8. Surface charge measurements

The zeta potential of bacterial cells was measured using a Malvern Zetasizer nano-ZS
(Malvern Instruments Ltd., Malvern, Worcestershire, UK) with disposable folded capillary cells
(Malvern Instruments Ltd., Malvern, Worcestershire, UK). Briefly, a 1:10 dilution of cells
(prepared as described above) was prepared using MiliQ water and the cell suspension was gently
vortexed to ensure homogeneity. A 1-mL sample was then aliquoted into the cuvette and inserted
into the measurement chamber. Zeta potential values were measured at 20 <C three times using

20 cycles per analysis on each of the biological triplicates.

2.3.9. Statistical analysis and mathematical modeling

Experiments were repeated independently at least three times, with each experiment having
two biological samples per surface group and technical duplicates for each sample. Five random
areas per surface were sampled for CLSM and data obtained from these technical repeats was
averaged to obtain a mean value for each surface. Student’s t test was used to compare two
populations. To compare means of more than two sample populations, one-way ANOVA analysis
was performed, which was followed by post-ANOVA Tukey’s test. All statistical tests were
performed using JMP 8.0 (SAS Institute, Cary, NJ). The adjusted XDLVO model was constructed

and computed using Mathematica 9.0 (Wolfram, Champaign, IL).
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2.4. Results and Discussions

2.4.1. Bacterial attachment and biofilm formation

A two-step anodization process as described above was used to produce alumina surfaces
with average pore diameters of 15 nm, 25 nm, 50 nm and 100 nm, respectively, and micrometer-
size pore length. As control, nanosmooth alumina was used. Surfaces were submerged in nutritive
broth inoculated with the challenge organisms, and bacterial attachment and biofilm formation on
these surfaces were observed at 30 min, 48 h, and 96 h. Three-dimensional images of biofilm
matrices obtained by confocal laser scanning microscopy (CLSM) are shown in Figure 15 and

Figure 16 for E. coli ATCC 25922 and L. innocua FSL C2-008, respectively.
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30 min

48 h

Nano-smooth 15 nm 25 nm 50 nm 100 nm

96 h

Figure 15. Constructed confocal laser scanning microscopy (CLSM) 3D images of attachment
and biofilm formation by E. coli ATCC 25922 at 30 min, 48 h, and 96 h on nano-smooth alumina
(control) and anodized surfaces of 15 nm, 25 nm, 50 nm and 100 nm pore diameter. The top
and bottom images in each panel represent top and side views of the same scanned area. The
presented images have biomass accumulation close to the average of their surface type. Scale

units (small grid) are 34 um in length.



30 min

48 h
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Nano-smooth 15 nm 25 nm 50 nm 100 nm

Figure 16. Constructed CLSM 3D images of attachment and biofilm formation by L. innocua FSL
C2-008 at 30 min, 48 h, and 96 h on nano-smooth alumina (control) and anodized surfaces of 15
nm, 25 nm, 50 nm and 100 nm pore diameter. The top and bottom images in each panel
represent top and side views of the same scanned area. The presented images have biomass
accumulation close to the average of their surface type. Scale units (small grid) are 34 um in

length.



As seen in Figure 15 & Figure 16, E. coli had an astonishingly low presence on the 15 nm
and 25 nm pore surfaces, for the entire period probed while L. innocua displayed the same trend
despite less pronounced differences at early stages (30 min and 48 h) of biofilm formation. For E.
coli, a limited presence was also observed on the 50 nm surfaces after 30 min and 48 h; biofilm
formation appeared to some extent at 96 h. In contrast, on the nanosmooth control and 100 nm
pore surfaces E. coli adhered at a significantly (P<0.05) higher level than on the small pore
surfaces, and a well-developed biomass was observed. The biofilm matrices formed on these two
surfaces were highly structured laterally and vertically at 48 h and 96 h, as evidenced by both the
volume of biofilm formed on the surfaces and the thickness of the biofilm layer. The 100 nm
surface retained a significantly (P<0.05) higher amount of E. coli cells and a more cohesively

structured biofilm than the nanosmooth surface.
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Figure 17. Average values (N = 3) of biomass and thickness of biofilm matrices formed by E. coli
ATCC 25922 (a and c) and L. innocua FSL C2-008 (b and d) at 30 min, 48 h and 96 h on
nanosmooth alumina, and anodized surfaces of 15 nm, 25 nm, 50 nm and 100 nm pore
diameter. For any given time point, values not connected by the same letter are statistically

different from each other (P<0.05). Error bars represent standard error of means.

A quantitative assessment of the three-dimensional biofilm made using the software
COMSTAT %% is shown in Figure 17. For all three time points, the volume of biomass formed by
E. coli on the 15 nm surface was the least of all surfaces. At 96 h, the average biomass on this
surface was 0.8 pm®/pm?. In contrast, the biomass volume for the 100 nm surface was about 15
times larger (11.8 pm?®/m?), while for the nanosmooth control it was about 25 times larger (20.4

pm®/pm?). At 48 h the 15 nm and 25 nm surfaces retained significantly less biomass than the
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nanosmooth control, while the biomass on the 100 nm surface was significantly higher than all
others (P < 0.05); the same trend was observed at 96 h. The biomass accumulation on the control

was comparable to that on the 100 nm surface, for both time points.

Vertical growth often comes with a complex 3D architecture of the biofilm matrix, which
renders the biofilm more resistant to environmental stresses. In this study, average thickness was
used as an indicator of vertical growth of the biofilms. The average thickness of the biofilms
formed by E. coli on all surfaces followed a trend similar as the biomass, with the 15 nm and 25
nm surfaces showing the smallest thickness, and the nanosmooth and 100 nm surfaces the largest
thickness (Figure 17c¢). At 96 h the average thickness on the 15 nm surface was 0.9 m, which
suggests the presence, in average, of a monolayer of cells. At the same time point, the thickness
for the 100 nm pore size and nanosmooth control was 24.9 pm and 18.5 pm, respectively, which

indicates the presence of 20 to 30 layers of cells in the biofilm architecture.

L. innocua showed similar trends to E. coli in biofilm formation, although the antifouling
effects on the 15 and 25 nm pore surfaces were less pronounced for this microorganism in terms
of magnitude of difference (Figure 16 and Figure 17b&d). At 96 h, the volume and the thickness
of biomass formed by L. innocua on the 15 nm pore surface were 11.2 pm? and 15.3 pm,
respectively. On average, the 15 nm surface showed about 40% less biomass than the control and
the larger pore diameter surfaces although statistically significant difference from the control was
observed only with the 25 nm surfaces (Figure 17b) at 48 h. The significant reduction in biomass
and thickness by L. innocua may be partly due to the initial interaction that could be different from
E. coli because it is known that Listeria spp. could not express mobility appendages such as flagella
at 37<C that would otherwise help L. innocua cells penetrate the energy barrier and subsequently

approach the surface.
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Overall, the quantitation of biofilm structures and the CLSM observations demonstrates
that anodized alumina surfaces with 15 nm and 25 nm pores reduced attachment and biofilm
formation by E. coli and L. innocua, while the 100 nm surface promoted biofilm formation at a

level similar or higher than the nanosmooth control.

2.4.2. Effect of anodized surfaces on bacterial cells

In the previous section, it was shown that the physicochemical interactions between the
substrate and the bacterial cells play a major role in attachment. Nonetheless, this attachment
behavior is likely also due to biological changes experienced by the cells in response to surface
topography. Surface topography has been shown to induce morphological, transcriptomic and
proteomic shifts in bacteria 1718213436 A comprehensive understanding of how nanoscale
topography affects the expression of biomolecular entities that play a role in bacterial interaction
with nanostructured surfaces is not available at the moment. An aspect somewhat well understood
is the surface effect on cellular adhesins. Rizzello et al. reported that E. coli cells grown on
nanostructured surfaces lost the expression of fimbriae *’, which are considered critical virulence
factors required for initial attachment . E. coli is known for its ability to develop cellular
appendages, such as pili and flagella, which have a strong role in the later stages of microbial
attachment and biofilm formation 2*. Bacteria may use these small diameter cellular appendages
to penetrate the energy barrier produced by the repulsive physicochemical forces, facilitating cell

attachment to an otherwise repelling surface.

The SEM examination of the surfaces with attached cells shows a striking difference
between the type and number of appendages expressed by E. coli on the various surfaces (Figure
21). This is consistent with earlier observations from our group, which showed that expression of

cellular appendages by E. coli and P. fluorescens was strongly affected by surface topography 2.
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The appendages observed in this study resemble closely those observed by other researchers 7 for
curli-producing E. coli strains. The structure of these appendages was distinct from that of
extracellular polymeric substances (EPS) produced by E. coli (Figure 18). The E. coli cells imaged
on the nanosmooth control (Figure 21a) and the larger pore anodic surfaces (Figure 21 d-e) appear
clustered in a complex architecture and feature a large number of long, intertwined appendages. In
contrast, the E. coli cells on the 15 nm and 25 nm pore surfaces appear as isolated cells and feature
only very few, relatively short appendages (Figure 21 b-c). From the SEM images, the diameter
of the appendages expressed by the E. coli cells was estimated between 30-60 nm. For surfaces
with pore diameters above this size, the appendages can easily penetrate inside the pores, which
will help anchor the cells and the biofilms onto the surface. This was clearly observed for the 50
nm and 100 nm surfaces, for which appendages were seen to penetrate inside the pores (Figure 21
d-e). E. coli may be able to sense the surface topography, use appendages to explore surface

features and attach to surfaces.
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Figure 18. Sample SEM image of E. coli K12 wild-type cells producing extracellular polymeric

substances (EPS) on alumina surfaces with 100 nm pores.

2.4.3. A physicochemical explanation of bacterial attachment and biofilm formation

The construction of the adjusted XDLVO model was described in detail in section 1.3. of
Chapter One. The maximum total repulsive force (Fy,.x) Was found to correlate very well with the
number of cells attached to the surface / forming the biofilm, as shown in Figure 19. The number
of cells was estimated by dividing the biomass volume for each strain—surface pair by the volume
of an individual cell of that particular strain. The average cell volumes were calculated based on
the cell size data 2%, and were 0.50 um?3/cell for E. coli ATCC 25922 and 0.13 pm®/cell for L.

innocua.
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Figure 19. Correlation between cell count per unit area and the peak value of the total
interaction force (repulsive) between bacteria and the alumina surfaces (calculated according

to Eq (2)) at 30 min, 48 h, and 96 h. Error bars represent standard error of means.

For both microorganisms, the 15 nm pore surfaces exerted the largest peak repulsive force
(Fnax) followed by the 25 nm pore surfaces, with the 50 nm pore surface, 100 nm pore surface and
the control exerting comparable, and relatively low F, ... Figure 19 shows a linear decrease of
cell counts (expressed as log CFU per unit area) as a function of F,,,,, for both organisms and all
three time points. The E, .4 exerted on E. coli is stronger as compared to that on L. innocua, hence

the biomass accumulation is less.

The R? value of the regression lines was the weakest at 30 min, and the highest at 96 h.

This can be explained at least in part by the improvement of the signal-to-noise ratio of the data
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from 30 min (which showed the lowest number of cells attached) to 96 h (the highest number of
cells). This correlation is very important, as it relates the bacterium-surface interaction forces with
attachment and subsequent biofilm formation on the alumina surfaces for both microorganisms
used in this study. This correlation offers significant insight into the mechanisms that control
bacterial attachment and may be used as a predictive tool for the development of antifouling and

antimicrobial surfaces.
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Figure 20. Theoretical predictions of the change in maximum (peak) repulsion force as a
function of pore diameter and surface porosity, at fixed pore depth (1 um) calculated for (a) E.

coli and (b) L. innocua.

Furthermore, theoretical calculations have been performed to better understand the effect
of various surface topological characteristics on the total interaction force. Figure 20 summarizes

these calculations by showing the effect of pore diameter and surface porosity on F,,, for both
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challenge organisms used in this study. Pore diameter has a tremendous effect on the repulsive
force, particularly at pore diameters below 20 nm, with repulsive forces increasing exponentially
as pore diameter decreases at a fixed surface porosity. An increase in porosity at a fixed diameter
induces a linear increase in the value of the repulsive force, while pore depth does not seem to
have a significant effect above several tens of nanometers. This is well below the typical depth of
pores of anodized surfaces, which are several micrometers deep. Hence, controlling the pore
diameter, porosity and number of pores per unit area is key in tuning the total repulsive force and
preventing initial attachment. It must also be noted that F,,,, exerted on E. coli ATCC 25922
varies more drastically in response to changes in porosity and pore diameter as compared to L.
innocua, illustrating the significant role of cell surface properties in the attachment process. This
suggests that theoretical calculations of the physicochemical interaction between each specific

bacterium-surface pair are essential to making accurate predictions of bacterial attachment.

2.4.4. Role of bacterial appendages in the attachment process

To determine the effect of nanoscale surfaces on appendage-dependent attachment, an
attachment assay was conducted using E. coli K12 strains of wild-type (WT) and appendage-
deficient mutants. In the attachment assay, the number of cells attached per surface after 30 min
of incubation with the 15 nm and 100 nm pore sizes surfaces was quantified. E. coli K12 was used
for this study since there were no appendage-deficient mutants available for E. coli ATCC 25922,

which was used in the rest of the study.
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Figure 21. SEM images of E. coli cells attached to (a) nanosmooth, (b) 15 nm, (c) 25 nm, (d) 50
nm, and (e) 100 nm pore surfaces. Lower magnification images (left column) show microbial
communities and higher magnification images (right column) show details of bacteria structures

that physically interact with the surfaces.
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Figure 22. Attachment at 30 min by E. coli K12 wild-type, flagella-, fimbria- and curli-deficient

mutants on 15 nm and 100 nm surfaces. Error bars represent standard error of means.

Compared to the wild-type strain, the flagellum-deficient mutant (AflgA) showed much
lower attachment to both 15 nm and 100 nm surfaces as compared to the wild-type strain (Figure
22), suggesting that flagella have a significant role in attachment to the anodized surfaces. The
difference in attachment between WT and the fimbriae-deficient mutant (AfimH) was negligible
on either surface type, implying that fimbria may play a minor role in the initial attachment.
Interestingly, the curli-deficient mutant (AcsgA) attached to both surfaces at the highest level
among all E. coli K12 strains. Previous findings revealed that the loss of csgA expression could
result in reduction of biofilm formation 3%4° and that curli have a significant role in the structural
integrity of mature biofilm matrices *'. The discrepancy could be due to the fact that short-term

attachment rather than biofilm formation was assessed in this study.

Regarding the differences in behavior between the two surfaces, attachment to the 100 nm

surface was higher than on the 15 nm surface, consistent with the observations from the attachment
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study with E. coli ATCC 25922 and L. innocua. However, differences in attachment were

statistically significant only for the wild type and the curli-deficient strains.

Measurements of water contact angles and zeta potential values of the wild-type and mutant
E. coli K12 strains indicated that the genetic modifications did not result in any significant change
in cell hydrophobicity or electrical charge. Therefore, the differences in attachment observed
between the WT and appendage-deficient mutants were most likely biological in nature,
highlighting the role of surface adhesins in the attachment. It is possible that the strength of
attachment by the different strains to the two surfaces was different, with a potentially stronger

attachment to the 100 nm surfaces, but this hypothesis will have to be tested in future experiments.

2.5. Conclusions

This study reveals the direct effect of the pore diameter of nanoporous anodic alumina on
the attachment behavior and biofilm formation by Gram positive and Gram negative bacteria
strains. Specifically, engineered nanoporous surfaces with pore diameters of 15 nm and 25 nm
and relatively large surface porosity were able to effectively minimize attachment by E. coli spp.
and Listeria spp., and possibly of other microorganisms. The physicochemical properties of the
anodized surfaces, which are directly affected by pore diameter and surface porosity, and the cell
surface, as well as surface appendages expressed by the bacterial cells, were shown to play an

important role in attachment.

These findings can be used to design and fabricate affordable antifouling surfaces for food
and water processing, dentistry or biomedical applications, with tremendous public health and

economic benefits. Engineering nanoporous anodized surfaces with antifouling properties could
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translate into virtually immediate applications, since technology transfer for using anodic surfaces

in numerous applications can be very rapid.
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CHAPTER THREE
BACTERIAL ATTACHMENT AND BIOFILM FORMATION ON SURFACES ARE

REDUCED BY SMALL-DIAMETER NANOSCALE PORES ?

3.1.  Abstract

Prevention of biofilm formation by bacteria is of critical importance to areas that directly
affect human health and life including medicine, dentistry, food processing and water treatment.
This work showcases an effective and affordable solution for reducing attachment and biofilm
formation by several pathogenic bacteria commonly associated with foodborne illnesses and
medical infections. Our approach exploits anodization to create alumina surfaces with cylindrical
nanopores with diameters ranging from 15 to 100 nm, perpendicular to the surface. The anodic
surfaces were evaluated for attachment by Escherichia coli, Listeria monocytogenes,
Staphylococcus aureus and Staphylococcus epidermidis. Cell-surface interaction forces were
calculated and related to attachment. We found that anodic alumina surfaces with pore diameters
of 15 and 25nm were able to effectively minimize bacterial attachment or biofilm formation by all
the microorganisms tested. Using a predictive physicochemical approach on the basis of the
extended Derjaguin and Landau, Verwey and Overbeek (XDLVO) theory, we attributed the
observed effects largely to the repulsive forces, primarily electrostatic and acid—base forces, which
were greatly enhanced by the large surface area originating from the high density, small-diameter
pores. We also demonstrate how this predictive approach could be used to optimize different

elements of surface topography, particularly pore diameter, and density, for further enhancing the

2 The main content of this chapter (except section 3.5.2) is published in the npj Biofilms and Microbiomes paper:
Bacterial attachment and biofilm formation on surfaces are reduced by small-diameter nanoscale pores: how small is
small enough? npj Biofilms Microbiomes 2015, 1 (August), 15022.  Authors: Guoping Feng, Yifan Cheng, Shu-Yi
Wang, Diana A. Borca-Tasciuc, Randy W. Worobo, and Carmen I. Moraru.
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observed bacteria-repelling effects. We demonstrate that anodic nanoporous surfaces can
effectively reduce bacterial attachment. These findings are expected to have immediate, far-

reaching implications and commercial applications, primarily in health care and the food industry.

3.2.  Introduction

Biofilms are the prevailing lifestyle of bacteria in most natural environments. They consist
of microbial communities that usually accumulate at solid-liquid interfaces and are entrapped in a
matrix of highly hydrated extracellular polymeric substances (EPS) . The quiescent lifestyle of
microbial cells living in such a densely packed diffusion barrier is responsible for their high
tolerance to environmental stresses 2. Cells in biofilms have been deemed 100 to 1000 times more
resistant to antibiotics and disinfecting agents than planktonic cells 3#. Biofilm formation by
pathogenic bacteria has deleterious, sometimes fatal consequences, and leads to severe
contamination problems in medicine, dentistry, food processing, water treatment and other areas
that directly affect human health and life. For instance, it is estimated that approximately 80% of
all medical infections are derived from biofilm growth of pathogens °. Biofilms formed by
pathogens in food processing plants are a major culprit in spreading of foodborne diseases, which
claim thousands of lives and amount to losses of about $78 billion/year in the US alone °.

Most studies attempting to mitigate the effects of biofilms focus on interventions aimed
to kill microbial cells in biofilms already present on solid surfaces 8. However, such strategies
have limited efficacy due to bacterial persistence and resistance in preformed biofilms %20, Surface
modification is emerging as a promising strategy for preventing biofilm formation on abiotic
surfaces. There is increasing evidence that bacterial attachment and subsequent biofilm formation
are significantly impacted by surface topography -3, For surfaces with topographic features at

the micrometric scale, comparable with the size of prokaryotic cells, cells tend to positions
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themselves such that they maximize contact area with the surface, which favors attachment 112,
Surfaces with topographic features of dimensions much smaller than microbial cells, in the
submicrometric or nanometric range, have been reported to inhibit attachment by reducing the
contact area between bacteria cells and the surface %13, Additionally, surface topography at the
nanoscale can create energetic situations unfavorable for bacterial attachment, and induce
repulsive surface-bacteria interaction forces that impair attachment and subsequent biofilm
formation *1>.  While most nanostructuring methods available today require cleanroom
technologies and are prohibitively expensive for large scale applications, anodization is an
inexpensive, commercially available electrochemical method that allows relatively easy control of
surface features in the nanometer range .

A recent study by our research group showed that anodic alumina surfaces with nanoscale
cylindrical pores of diameters smaller than 25 nm are able to minimize bacterial attachment by the
nonpathogenic Escherichia coli and Listeria innocua '°. The observed effects were largely
attributed to additional repulsive forces contributed by the large surface area of the surfaces with
a high density of small diameter pores. The current report builds on these promising findings and
tests the ability of anodic alumina surfaces to minimize bacterial attachment for several pathogenic
strains. A quantitative prediction of bacteria — surface interaction forces is used to understand how
to further optimize surface topographical features and physicochemical properties and thus create
surfaces with a stronger ability to prevent bacterial attachment and biofilm formation.

As challenge organisms, four of the most feared pathogens associated with medical,
biomedical or food processing environments were selected: E. coli O157:H7, L. monocytogenes,
Staphylococcus aureus and Staphylococcus epidermidis, along with the non-pathogenic E. coli

K12. L. monocytogenes can cause illness, death, and abortion, and is of particular concern for
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immuno-compromised individuals and pregnant women. CDC estimates that about 2,500
listeriosis and 500 associated deaths occur yearly °. The ubiquitous L. monocytogenes can be
transmitted through raw foods, the environment, utensils or processing equipment 17-1°. Infection
with E. coli O157:H7 can lead to severe foodborne illness, specifically hemorrhagic diarrhea and
hemolytic uremic syndrome 6202 Contamination with S. aureus is the root cause for a range of
ilinesses, from food poisoning to infections of the skin and soft tissue, to respiratory, bone, joint
and endovascular disorders; S. aureus is the most frequently isolated pathogen from wound
infections 2223, S. epidermidis has been associated with bacteremia, catheter-related infection,
central nervous system shunt infection, endocarditis, urinary tract infection, surgical site infection

and endophthalmitis 24,

3.3.  Materials and Methods

3.3.1. Surface fabrication

Nanoporous aluminum oxide (alumina) surfaces with pore diameters of 15 nm, 25 nm, 50
nm and 100 nm were prepared by two-step anodization of high purity aluminum (99.99%, Alfa
Aesar), which has been described in detail before *2°. The aluminum substrate was first subjected
to mechanical and electrochemical polishing, with an intermediate annealing process meant to
release internal stresses. The polished substrate was immersed in an etchant to remove the thin
alumina layer formed during electrochemical polishing. The first anodization step was carried out
at room temperature using a setup similar to that used for electrochemical polishing. The voltage
and anodizing mixture depended on the pore size. The first porous alumina layer was etched away
and a second anodization step was performed, during which pore growth was initiated from dents
left over by the nanopores in the first layer, resulting in regular surface features 226, Nanosmooth

alumina surfaces (Rims < 1 nm) of 10x10>0.5 mm (Alfa Aesar, Ward Hill, MA) were used as a
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control. The nanosmooth control used here was not identical to that used in our previous study *°,
and its surface properties were slightly different.

3.3.2. Bacteria attachment

Cultures of E. coli O157:H7 ATCC 43894, E. coli K12, L. monocytogenes 10403S, S.
aureus 9144, S. epidermidis ATCC 35984 were maintained in tryptic soy broth (TSB) with 20%
(v./v.) glycerol at -80<C. Cultures were reactivated on tryptic soy agar (TSA) at 37<C for 24 h.
They were grown in TSB for 24 h and sub-cultured in TSB for 16 h at 37<C. The experimental
procedure was described in detail before °. Briefly, 16 h-old cultures of planktonic cells at a
diluted concentration of ~10” CFU/mI were incubated statically for 48 h with vertically placed
alumina surfaces (with pores of 15 nm, 25 nm, 50 nm, 100 nm, and a nanosmooth alumina surface
as a control), at the optimal growth temperature for each bacterial strain, then retrieved and
evaluated for bacterial attachment. An incubation time of 48 h was chosen since it was previously
observed that this time point allowed bacteria to attach to the surfaces in sufficient numbers for a
meaningful quantitative assessment, but without significant biofilm formation *°. Surfaces were
placed vertically to reflect true attachment and minimize the effect of cell sedimentation due to
gravity.

3.3.3. Confocal laser scanning microscopy (CLSM)

The surfaces with attached cells were gently removed from the culture and rinsed in sterile
saline solution (0.15 M NaCl), 3 times, to remove lightly attached cells. The bacterial biomass was
labelled with Syto 9 (Molecular Probes Inc., Eugene, OR). A Zeiss 710 CLSM equipped with
inverted objectives was used to acquire 3D images of live bacteria, as described before °. For
every type of surface, six replicates (two surfaces per each of three independent experiments) were

used. On each sampled surface, at least 5 randomly selected and evenly spaced fields (338.4>338.4
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um?) were scanned. Three-dimensional images of biomass matrices were constructed using

Volocity (version 5.2.1, PerkinElmer, Waltham, MA).

3.3.4. Biomass quantification

The total biomass and surface coverage were quantified using COMSTAT, a computer
program designed specifically for this purpose 2’. A threshold value of 3 was assigned to all
individual image stacks. Quantified parameters were: biomass accumulation (pum?®/pm?), obtained
by dividing the overall biomass volume by the substratum area; and layer coverage, given by the

percentage of the area occupied by bacteria in each optical layer.

3.3.5. Scanning electron microscopy (SEM)

Visualization of biomass structures was conducted with a Zeiss LEO 1550 field emission
SEM, and images acquired with the SmartSEM software (Carl Zeiss Microscopy, LLC, Germany).
Surfaces were retrieved at 48 h and rinsed in saline solution to remove lightly attached cells. The
biomass on the surfaces was fixed using 2.5% (w/v) glutaraldehyde in 0.05 M sodium cacodylate
buffer at 4<C for 2 h. Samples were then rinsed in cacodylate buffer three times, 5 min each time,
and subjected to secondary fixation with 1% (w/v) osmium tetroxide in cacodylate buffer, for 1 h.
The fixated samples were rinsed in cacodylate buffer 3 times, then dehydrated using gradient
ethanol solutions of 25% (v/v), 50%, 70%, 95%, 100% and 100%, for 10 min each, followed by
critical point-drying with carbon dioxide. Dried surfaces were mounted to SEM stubs and coated
with evaporated carbon. A voltage of 1 to 5 kV was used, depending on the sample.

3.3.6. Contact angle measurement

Contact angles of water, glycerol, and diiodomethane on both bacterial cell lawns and
alumina substrates were determined by the sessile drop method with a Rame-Hart 500 goniometer

(Rame-Hart Inc., Succasunna, NJ, USA), as described before °.
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3.3.7. Surface electric charges
The zeta potential of the bacterial cells was measured using a Malvern Zetasizer nano-ZS
with disposable folded capillary cells (Malvern Instruments, Malvern, UK), as described

previously 1°. Zeta potential of the alumina was taken from Li and Logan (2004) %,

3.3.8. Statistical analysis

One-way analysis of variance (ANOVA) and post-ANOVA Tukey’s test were used to
compare multiple means. All analyses were performed with JMP Pro 11 (SAS Institute, Cary, NJ).
The adjusted XDLVO model was constructed and computed using Mathematica 9.0 (Wolfram,

Champaign, IL).

3.4.  Results

Consistent with our previous observations *°, presence of bacteria on the anodic surfaces
with pores of 15 nm and 25 nm was largely reduced compared to the anodized surfaces with larger
pore sizes, for all strains. Both visual observations (Figure 23) and the quantitative biomass
evaluation (Figure 24) showed that the extent of biomass accumulation varied considerably among
the tested microorganisms. For E. coli K12, E. coli O157:H7 and L. monocytogenes, a thin layer
of uniformly distributed cells was observed on all surfaces, while for S. aureus and S. epidermidis,
both prolific biofilm formers, biomass accumulation was much more significant, particularly on
the surfaces with pore diameters above 50 nm (Figure 24, left panels). At 48 h the biomass
accumulation for E. coli O157:H7 on the nanosmooth, 15 nm, 25 nm, 50 nm and 100 nm surfaces
was 0.32 pm?/pm?, 0.36 pm®/pm?, 0.47 pm?/pm?, 0.86 pm®/pm? and 1.51 pm?®/pm?, respectively.
The biomass accumulation for E. coli K-12 was slightly lower than for E. coli O157:H7. For L.

monocytogenes, the biomass accumulation was about one order of magnitude higher than for the
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E. coli strains, ranging from 4.27 pm3®/pm? on 15 nm surfaces to 16.40 pm3/pm? on 100 nm
surfaces. Biomass accumulation by S. aureus and S. epidermidis followed a similar trend but was
much more pronounced compared to the two E. coli strains and L. monocytogenes. S. aureus had
the lowest biomass accumulation on the 15 nm surface (16.91 pm®/m?) and the highest on the
100 nm surface (28.19 pm®/pm?). S. epidermidis had the lowest biomass on the 25 nm surface
(25.54 pm®/pm?) and the highest on the nanosmooth control (50.56 pm?®/m?). The thickness of
the S. epidermidis biomass often exceeded 100 pm, several times higher than for any of the other
strains tested. For the 100 nm surfaces, 48 h biomass accumulation by S. epidermidis had the clear
traits of a dense biofilm and often included microcolonies (Figure 23, bottom right). As a note, the
nanosmooth controls used in the current work were different than those used in our previous study
15, This resulted in slightly different levels of biomass accumulation than previously reported for

the nanosmooth alumina, but the attachment trends were maintained.
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Figure 23. Constructed confocal laser scanning microscopy (CLSM) three-dimensional images of
48-hour-old biofilms of E. coli 0157:H7, E. coli K12, L. monocytogenes, S. aureus and S.
epidermidis on nanosmooth alumina (control) and anodized surfaces of 15, 25, 50 and 100nm
pore diameter. The presented images have biomass accumulation close to the average for their

surface type so that images are representative. Scale units (small grid) are 34 um in length.

Overall, the trend in biomass accumulation on the anodic alumina surfaces by all strains
agrees with our previous observations *°. Due to some variability in the data, not all differences in

biomass accumulation among surface types were statistically significant (P<0.05). Nonetheless, a
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closer analysis of the biomass structure further substantiates the differences among surface types.
We generated vertical three-dimensional CLSM scans of the biomass structure for all anodic
alumina surfaces, in 1 m vertical increments, and calculated the surface coverage by biofilm for
each layer. The right panels in Figure 24 show surface coverage at different distances from the
substratum for the four pathogenic strains. For all strains, biofilm surface coverage was lowest for
the 15 nm and 25 nm surfaces and highest for the 50 nm and 100 nm surfaces. For the weak biofilm
former E. coli O157:H7, maximum coverage ranged between 1% on the 15 nm surfaces and 4%
on the 100 nm surfaces. The most striking differences in coverage among surfaces were observed
for L. monocytogenes, for which maximum coverage on the surfaces with small pore sizes (about
20%) was fourfold smaller than on surfaces with larger pore sizes (about 80%). The prolific biofilm
former S. epidermidis had high coverage on all surfaces, ranging from a low 61% on the 25 nm
surfaces to a high 90% on the 50 nm surfaces. While for the other strains significant coverage was
found mostly within a few pm from the surface, for S. epidermidis biomass coverage was very

high even tens of pm from the surface.
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Figure 24. Differences in biomass accumulation over 48 h by E. coli, L. monocytogenes, S. aureus
and S. epidermidis among alumina surfaces. Left panels: Quantified average values of biomass

(um3/um?) accumulated on nanosmooth alumina, and anodized surfaces of 15 nm, 25 nm, 50
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nm and 100 nm pore diameter. Values not connected by the same letter are statistically
different from each other (P<0.05). Right panels: Layer coverage as a function of distance from

the surface.

To further investigate the biomass structure, we conducted SEM visualization of the
surfaces with the largest pore size (100 nm), which had either the largest or second largest biomass
accumulation. It should be noted that the SEM images cannot be used for quantitative purposes,
since some cell detachment from the surfaces may have occurred during SEM sample preparation.
Figure 25 shows SEM micrographs for S. aureus (left) and S. epidermidis (right). For S. aureus, a
single layer of cells was generally observed, with a minimal amount of extracellular material. S.
epidermidis, on the other hand, showed substantial, highly structured, vertically grown biofilms,
with a high density of bacterial cells tightly intertwined in a matrix of extracellular material, which
is very typical of S. epidermidis biofilms 2. The tremendous biofilm forming ability of S.
epidermidis has been attributed to a large extent to the contribution of specific biological factors,
mainly the polysaccharide intercellular adhesin (PIA) encoded by the intercellular adhesion (ica)
locus %31, All other bacterial strains showed a single layer of cells and no significant indication of
extracellular substances (images not shown). Based on this corroborated evidence, in the
subsequent discussion we will refer to the biomass accumulation as attached cells for all strains
except S. epidermidis, for which a biofilm was formed.

Overall, this study confirms our previous findings *°, and clearly shows that the small
nanoscale pore anodic alumina surfaces can effectively limit cell attachment and biofilm formation
by a range of bacteria relevant for medical, biomedical and food processing applications. The trend
was similar regardless of Gram-positive or Gram-negative status, rod or coccus shape, or the

ability of the cells to express appendages under the conditions tested.
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Bacterial attachment correlates with surface — bacteria interaction forces

Previously, we found strong evidence of a correlation between attachment by two bacteria
strains and the overall cell-surface interaction force, calculated using the extended Derjaguin and
Landau, Verwey and Overbeek (XDLVO) theory *°. One important prediction made using this
model was the maximum repulsive force that a bacterial cell needs to overcome in order to come
into direct contact with a surface, termed “Fmax”. We were able to show that as Fmax increased, the
number of bacteria attached to a surface decreased *°. Therefore, the XDLVO predictive approach
was used to estimate bacteria-surface interaction forces for the strains tested in this study.
Predictions were limited to those strains that did not show biofilm formation over the 48 h duration
of the test: E. coli O157:H7, E. coli K-12, L. monocytogenes, and S. aureus. S. epidermidis was
not included in these predictions because the presence of a significant amount of extracellular

material did not allow an accurate estimation of the number of cells (Figure 25).
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Figure 25. Scanning electron microscopy images of S. aureus (left images) and S. epidermidis
cells (right images) at low magnification (upper) and high magnification (lower) after 48 h
contact time with anodic alumina surfaces with 100 nm pore diameter. Bottom right image
shows S. epidermidis cells entrapped in a matrix of extracellular material.

Cell properties required by the model were determined experimentally as described in the
Methods section, and their measured values are summarized in Table 4. When applying the
XDLVO model, the following simplifying assumptions were made: (i) all cells were assumed of

spherical shape, and for rod-shaped bacteria (E. coli and Listeria) an equivalent radius was
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calculated; (ii) surfaces have a fully wetting (Wenzel) behavior 32 and (iii) each surface was
assumed to be an infinite planar surface relative to a bacterial cell. The nutritive broth was
approximated as a 1:1 type electrolyte solution of ionic strength 0.1 M, at pH 7 and a temperature
of 310 K (or 37 <€). The surface properties are included in Table 2 (Chapter One), and the other
constants used in the calculations in Table 1 (Chapter One).

The overall interaction force between a bacterium cell and the anodic alumina surfaces,

FXPLVO \was calculated by the vector addition of three force components: electrostatic force (Fer),

acid-base interaction force (Fag), and Lifshitz-van der Waals interaction force (FLw). Since all
forces are affected by the nanopores underneath the cells, they were adjusted to take into

consideration this effect (denoted as ‘Adj’), as previously shown in eq.(2) of Chapter One:

XDLVO _ pAdj Adj Adj
Frowml = = Kw T Fp + L

The full expression of Eq.1 and the derivation of its components are presented in detail in

our previous study *°. Briefly, the Lifshitz-van der Waals interaction force between the cells and

the surfaces (FL“‘,f,”) was calculated using the retarded Hamaker expression. The acid-base

interaction force (FﬁBd"), which incorporated the effect of surface energy, was calculated using the

extended Young equation 2. Since acid-base interactions are short range interactions, it was
considered that only the top rim of the vertical surface of the cylindrical nanopores (2 nm from the
surface) effectively contributes to the acid-base interaction. This portion of the internal surface of
the cylindrical pores was approximated as a ring of hemispheres distributed uniformly along the
circumference. The repulsion force exerted on one bacterium by the total number of cylindrical
walls underneath that cell was calculated considering the pore diameter and surface porosity, as

well as the radius of the effective circular interaction area for each type of bacteria.
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The electrostatic interaction force (FEALdj) was calculated for each pore and its surrounding

area and the total force was determined by multiplying the value of this force by the number of
pores underneath one bacterium cell. An example of the contribution of nanoscale topographical
features to the magnitude and spatial distribution of interaction forces, the specific FeL
(electrostatic force per unit area, or “electrostatic pressure”) exerted on a bacterial cell by the
surface, plotted as a function of the radial distance from the center of a cylindrical pore, is shown
in Figure 9a. Regardless of pore size, the vertical walls of the cylindrical pores from the porous
anodic surfaces contributed to an increase in the electrostatic force compared to that generated by
a smooth surface. Figure 26 shows both a schematic representation of the total electrostatic forces
acting on a E. coli O157:H7 cell (left), and the field of electrostatic forces contributed by a surface
area equivalent to a hexagonal array of 15 nm pores (right), at a cell-surface separation distance
where electrostatic forces are significant for this bacterial strain. The force field plot on the right
clearly shows that the repulsion exerted by the 15 nm surface greatly exceed the repulsion by the
nanosmooth surface for E. coli O157:H7, which is consistent with the biomass accumulation

shown in Figure 23 and Figure 24. Similar plots can be generated for the other forces.
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Figure 26. Electrostatic repelling force field exerted on bacterial cells by the nanoporous
surface. Left: schematic representation of the electrostatic repelling forces exerted on a
bacterial cell by the nanopores located directly underneath the cell. Right: spatial distribution
of the electrostatic repulsive force field exerted on E. coli 0157:H7 cells by an anodic alumina
surface with cylindrical pores of 15 nm diameter and 2259 nm pore depth (top plot) compared

to a smooth alumina surface (bottom plot), at a cell-surface separation distance of 0.2 nm. The

surface components contributing to the force fields are illustrated in green.

The total cell-surface interaction force was then calculated as a function of the cell-surface
separation distance (Figure 27). In close proximity of the surface, ranging from fractions of a
nanometer to several nanometers, depending on the bacterial strain, the bacterium-surface

interaction force was attractive for all surface-strain pairs, due to the short range attractive Lifshitz-
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van der Waals forces. At separation distances beyond a few nanometers, the repulsive electrostatic
and acid-base forces become dominant for all strains. For the anodic surfaces with the smallest

pores, this contribution is particularly significant due to the large number of cylindrical pores per

XDLVO

surface area. Consequently, the total repelling force (Froa ) IS particularly high for the 15 nm

and 25 nm pore surfaces, which have a high density of vertical pores per unit surface area.

a) b)
F(h) (nN) - D=15m - D=151m
1000 ¢ - D=25nm F(h) (nN) - D=25nm
- D=50 nm 1000 ~ D=50mm
- D=100 nm — D=100 nm
800 Nano-smooth 800+ Nano-smooth
800 600
400\ 400}
200 [A\\ -
0 h (nm) \
4 ® 10 0 4 6 8 70" ™)
c) d)
F(h) ("N) - D=15nm
n ~ D=25mm F(h) (nN) - D=15mm
1000 ~ D=50m 1000 F(3h0) (nN) — D=25nm
D=100 nm — D=50 nm
800¢ Nano-smooth 800 o0 D=100 nm
Nano-smoath
600t 600 10
400} 400 Ol : % e h(m)
200 200 -10 K
oF h
4 8 0 (nm) 0 = 2 5 . 10h(nm)

Figure 27. Example of total cell-surface interaction force as a function of distance from the

surface for one (a) E. coli 0157:H7 cell; (b) E. coli K12; (c) S. aureus; (d) L. monocytogenes - the

inset shows a zoomed-in plot.
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Table 4. Physicochemical parameters used in the XDLVO model calculations for all bacterial

strains tested

Contact angles () in various

o Zeta Cell size
liquids
Bacterial strain potential
Volume  Equivalent
WCA  DCA  GCA (mV)
(um®)  radius (nm)
L. innocua 46.541.2 659423 46.4+x.7 -21.545 0.13 318
L. monocytogenes 56.740.5 50.4+1.2 70.1#09 -21.145 0.73 559
E. coli O157:H7 255415 46.145 62445 -4.840.4 1.65 733
E. coli K12 41.1+.0 47228 715+.4 -29.040.1 1.48 707
E. coli ATCC 414405 556434 757x.0 -22.440.3 0.50 494
25922
S. aureus 47.04.9 60.0435 76.44.9 -23.440.4 0.27 399
S. epidermidis 158#.4 62145 91.3#H.1 -16.3#¥4 0.20 361

Fmax for all bacteria - anodic surface pairs used in the study was plotted against the cell
counts (Figure 28), calculated based on the biomass volume and the measured cell size (Table 4).
The data points for the two non-pathogenic strains (L. innocua and E. coli ATCC 25922) from our
previous work ¥ were also included in this analysis. This plot allowed several important
observations. First, for all strains, the greater the magnitude of the repulsive energetic barrier,
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represented by Fmax, the fewer cells accumulated on the surface. A linear correlation between Fmax
and the number of attached cells was obtained for each strain. Since only 4 data points per strain
were available, and because of the variability of some data points, not all correlations were
statistically significant. For the strains tested in this study, the values for the coefficient of
determination were as follows: R?= 0.743 for S. aureus, R?>= 0.864 for L. monocytogenes, R?=
0.815 for E. coli K12, and R?=0.998 for E. coli O157:H7. Figure 28 also illustrates a clustering of
bacteria from different species. The two Listeria strains (diamond symbols) showed the strongest
dependence on Fmax, which means that small increases in the repulsive force can be extremely
effective in reducing the attachment by these bacteria to the anodic surfaces. The three E. coli
strains (circle symbols), while showing a good correlation between attachment and Fmax, were less
sensitive to the magnitude of Fmax compared to Listeria. S. aureus (triangle symbols) had a
behavior intermediate between Listeria and E. coli. The similar response to Fmax of bacteria from
the same species is indicative of the role of biological factors in attachment, but also shows that

the physicochemical approach used here is able to reflect these differences.

98



2.5 7 L. innocua

<
¢ L. monocytogenes
2.0 - % A A
~ E A S aureus
~ O A !
15 - Il O E coliATCC 25922
' i N @ £ coli0157:H7
~
1.0 >~ N % ® E coliki2
~ ~
i ~a ~ — — —95%C.I. limits

o
()]
|

g(cell counts/pm?)
o o
(9] o
°

O-1.0 ~ =-0.003x+ 1.62
NG 2-0.62
15 | % LN
\‘\..
2.0 A SNl
~

1
0 100 200 300 400 500 600 700 800 S00 1000
Fmax {nN}

Figure 28. Bacteria cell counts in the biofilm per unit area of surface as a function of Fmay, after

48 h of incubation

The other very important observation is that a statistically significant (P < 0.001) linear
correlation between Fmax and the number of attached cells from all bacterial strains was obtained.
The solid line in Figure 28 represents the linear regression line and the dotted lines the 95%
confidence interval (C.I.) range for the linear regression. The C.I. accounts for both the variance
of the experimental data and the uncertainty in the numerical coefficients of the linear regression.
The 95% C.1. lines are the closest in the middle of the Fmax range, and further apart towards the
ends of the Fmax range, which indicates that the uncertainty of the prediction increases for both

very low and very high attachment.
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3.5.  Discussion

Bacterial attachment to abiotic surfaces and subsequent biofilm formation are complex
processes, controlled by the interplay between biological factors, such as secretion of extracellular
materials by the bacteria, bacterial appendages and other cell surface structures that can contribute
to bacterial sensing of the surface °, and physicochemical factors, such as surface topography,
surface charge, and surface energy 4. Since it is practically impossible to alter the properties of
naturally occurring bacteria and make them less likely to attach to abiotic surfaces, the more
feasible approach to tackling biofouling is to reduce the propensity of the abiotic surfaces to
bacterial attachment, by altering their surface chemistry and topography.

3.5.1. Effect of surface topography on antifouling ability

The correlation between bacteria attachment and surface topography has been investigated
for a long time. Commonly used surface roughness parameters such as average and root mean
square roughness describe only the height variation of the surface, but not the spatial distribution
or the shape of surface features . Donoso et. al. demonstrated that neither parameter is a reliable
predictor for the interfacial area from which surface-based forces (i.e. Fag and FeL) arise, as the
relationship between these parameters and the interfacial area is not monotonic . These results
explain at least in part why despite the volume of work in this area, the mechanisms by which
surface roughness and topography modulate attachment remain largely unclear, especially at a
scale smaller than the dimension of a bacterial cell 234,

The present study shows that attachment by E. coli O157:H7, E. coli K12, L.
monocytogenes, S. aureus and S. epidermidis was largely impaired on anodic alumina surfaces

with pore sizes of 15 nm and 25 nm in diameter, as compared to surfaces with larger pores or
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nanosmooth surfaces (Figure 23). The visual CLSM observations were validated by quantitative
assessment of the biofilm matrices (Figure 24).

This study also allowed us to make several very useful observations regarding the effect of
abiotic surface properties on bacterial attachment. To date, many biofouling studies used surface
energy values calculated from apparent contact angles as a predictor of attachment. Several studies
suggest that highly hydrophobic surfaces, which have water contact angles (WCA) higher than
90°, have a lower propensity for microbial attachment and biofouling *. Nonetheless, the
conventional hydrophobic-hydrophilic dichotomic categorization of surfaces and bacterial cells
has been proved insufficient to make accurate predictions about bacterial attachment. Hook et. al.
found no correlation between bacterial attachment and WCA for 496 polymeric materials. Rather,
they suggested that surface chemical groups dictated the propensity of bacterial attachment onto
polymer surfaces rather than WCA alone *’. Our results also show that neither hydrophobicity nor
chemistry alone cannot be used as a predictor for attachment. Despite the fact that all porous
surfaces used in our study were chemically identical, the measured contact angles of three probe

liquids varied notably among surfaces (Figure 29).
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Figure 29. Measured contact angles in water, glycerol, and diiodomethane for anodic alumina
surfaces, as a function of pore diameter

Furthermore, the surfaces that were most effective against bacterial attachment had the
smallest contact angles in all three liquids and a clear hydrophilic behavior, while surfaces with
the largest pores were more hydrophobic, yet allowed higher attachment by bacteria. To
understand the change in contact angle with pore size, it is important to consider the fundamental
factors that dictate the apparent contact angles, namely the intrinsic (Young’s) contact angle of a
liquid droplet on an ideal (rigid, flat, chemically homogeneous, insoluble, nonreactive) solid
surface, and surface topography, which can enhance both hydrophobic and hydrophilic reactions
38,39 The trends in Figure 29 agree with the Wenzel relation, which dictates that surface topography
on hydrophilic surfaces (WCA < 909 enhances their apparent hydrophilicity *°. For alumina
surfaces under consideration here this was likely due to the capillary effects caused by the
cylindrical pores “°.

A quantitative prediction of the propensity of bacteria to attach to surfaces is not
straightforward. In this work, such a prediction was obtained by using the comprehensive XDLVO

model, which considers the role of cell-surface physicochemical interaction forces in attachment.
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This model has been used before, with varing degrees of success, in describing the interaction
between colloidal particles and patterned surfaces 442, or the interaction between microbial cells
and surfaces “*#°. One element lacking in previous applications of this model is that contributions
from surface elements perpendicular to the surface were not considered. Taking this into account
allowed us to explain the extraordinary bacteria-repelling effect of the 15 nm and 25 nm alumina
surfaces. Specifically, this effect is attributed to the vertical sidewalls of the densely distributed
cylindrical pores, which exerted additional electrostatic repulsion and acid-base repulsive forces
on the bacterial cells found in the proximity of the surfaces.

The fact that the correlation between cell-surface interaction force, represented by Fmax,
and attachment holds across several bacteria strains (Figure 28) is of considerable importance in
that, despite the different cell wall structure, shape, presence or absence of cellular appendages,
the adjusted XDLVO model is capable of predicting the trends in bacteria attachment with
reasonable accuracy. This is also very relevant from a practical perspective. While this study has
been conducted on individual strains, in both natural and man-made environments bacteria are
present in multi-microbial communities. The overall correlation between Fmax and attachment
found here indicates that an increase in the repulsive force will be able to reduce attachment by
multiple bacteria, albeit to different degrees.

As an example of how this model can be used as a design tool, we generated predictions
of changes in cell-surface interaction forces induced by changes in the elements of surface
topography. Our calculations show that pore diameter has a tremendous effect on the repulsive
forces, with Fmax increasing exponentially as pore diameter decreases. Increasing surface porosity
at a fixed pore diameter results in a proportional increase in Fmax, While pore depth does not seem

to have a significant effect beyond several tens of nanometers (Figure 10). Figure 30 illustrates
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how changing pore diameter and surface porosity affects Fmax for all bacteria strains used in this
study, except S. epidermidis. What is remarkable is that the effect of surface topography is similar
for all microorganisms, even if the magnitude of Fmax varies among the different strains. This is
extremely meaningful from a practical perspective because it indicates that further decreasing pore
size and increasing the surface porosity will improve the anti-attachment ability of anodic surfaces.

Surface Porosity

0.0

4000 - || B \ | [| E.coli O157:H7
AT @ B E.coli K12
[ S.aureus
L.monoc! enes
Fmax (nN) | ytog
2000

Diameter (nm) 30
Figure 30. Predicted values of the maximum repelling cell-surface interaction force as a
function of pore diameter and surface porosity of the alumina anodic surfaces for E. coli

0157:H7, E. coli K12, S. aureus and L. monocytogenes

3.5.2. Effect of surface energy on antifouling ability

The intrinsic surface energy of material is extremely important for its antifouling properties
because it determines the direction and magnitude of the interaction forces exerted on potentially
fouling species (i.e. molecules, colloidal particles, microorganisms). In a sense, surface nanoscale
topography serves as a “multiplier” of the intrinsic antifouling ability determined by the intrinsic
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surface energy of the material. An excellent antifouling material surface could be obtained by
achieving an intrinsic surface energy conducive to large repulsive forces and large surface area
expansion resulting from surface nanoscale topography. Therefore, a predictive tool that enables
fast screening for intrinsically effective antifouling surfaces would be of great value for selecting
or designing antifouling materials for various applications.

To achieve this, a “Fmax Cloud” was developed here based on the XDLVO theory. For any
given bacterial strain, a Fmax Cloud can be generated based on the three-liquid contact angles of
this particular strain, as the one shown in Figure 31 for E. coli ATCC 25922. In this three-
dimensional space, the red regions indicate where effective antifouling surface against this strain

could occur; the orange sphere represents an ideal AAO surface.

105



B 0-:00nN
B 00-200 nN
B 200-300 nv
[ 300-400 nN
, , I 400-500 nN
150§ iR W 500V

100
DCA(deg)

100
GCA(deg)

ALT L 444320 150
100

50
0 WCA(deg)

Figure 31. Fnax Cloud for E. coli ATCC 25922 in a contact angle space defined by contact angles
of water, glycerol, and diiodomethane on solid substrate surfaces. The orange sphere

represents an ideal aluminum oxide surface.

Such an Fmax Cloud could be built using: (1) a contact angle perspective (Figure 31), which
uses the contact angle values of three probe liquids on substrate material as the x, y, and z-axis;
and (2) a surface energy perspective (Error! Reference source not found.b), which uses the three

surface energy components —y~, y*, and y“W — as the axes.
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Figure 32. The Baier Curve explained by the “Fmax Cloud”. (a) The Baier curve® with the
“antifouling” or “foul-release” range of the critical surface tension of substratum highlighted in
dashed boxes; the green box and the red box denote typical ranges for low-surface-energy and
high-surface-energy antifouling materials, respectively; (b) the antifouling regions indicated by
the Baier Curve juxtaposed on a sectionalized “Fmax Cloud” in a three-dimensional surface
energy space. The space delimited by the “Baier surfaces” is represented in green and red with
respect to the antifouling regions highlighted in (a). The “FmaxCloud” is color-coded to reflect
the magnitude of Fnaxexerted on an E. coli ATCC 25922 cell approaching a material surface. The
location of a specific material in the “Fmax Cloud” is determined by the values of its surface
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energy components. The black arrows point to examples of the intersection curve segments,
which are signified by the dashed white curves; a Fmax contour curve is signified by a dashed

black curve.

Each of these perspectives has its own advantage: the contact angle perspective presents a
clear relationship between Fmax and water contact angles; contact angles can be easily obtained
using a goniometer, and the generated Fmax Cloud is relatively easy to understand. The downside
of the contact angle perspective, however, is that such Fmax Cloud is useful only if the contact
angles of the substrate materials of interest happen to be measured with exactly the same set of
probe liquids, which limits breath of application for. The surface energy perspective, on the other
hand, provides a framework that is useful irrespective of the probe liquids and therefore has
broader applicability than the contact angle perspective. For instance, a material whose contact
angles are measured with water, glycerol, and formamide cannot be represented in a contact angle
Fmax Cloud based on water, glycerol, and diiodomethane contact angles (Figure 31); after the liquid
contact angle values are converted to surface energies though, the material can be located in a
surface energy Fmax Cloud (Figure 32b). The full significance of Figure 32 will be explained in

detail later.

Once a Fmax Cloud is generated for a fouling species, a search can be carried out in a
material database to find those materials whose surface energy satisfy the “high repulsion zone”
indicated by the Fmax Cloud. These materials in their original form should be first be validated for
effectiveness by experimental fouling assays, and the materials that exhibit good intrinsic
antifouling characteristics can be then subjected to surface nano-structuring by techniques such as
anodization or nanoimprinting This step will dramatically increase the surface area of the material,
which should further enhance the repulsive forces and thereby improve the antifouling
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effectiveness of the material. This represents a physicochemical roadmap towards achieving

highly effective antifouling materials and surfaces.

The Fmax Cloud concept was also used to understand the validity of the Baier curve, which
has already been presented in Section 1.2 of Chapter One. First, the Baier curve was expanded to
a three-dimensional surface energy space by expressing the critical surface tension of a substratum
(¥™T)in terms of its apolar surface energy component (y*W), and its two polar surface
components: the electron-donor component (¥ ~) and the electron-acceptor component (y*):

VTOT — VLW + ZW (25)

According to the Baier curve, there two low-fouling/foul-release regions:

20 <yT™T <30 or yT™°T > 70  Unit: mj m™2 (26)

Substitute the right-hand side of eq. (25) for the “yT°T* in eq. (26), we get:

20 < y"W +2,/y* ¥y~ < 30 (the green region) or y“W + 2,/y* y= > 70 (the red region)

After the expansion of the surface energy dimension of the Baier curve in Figure 32a from
one to three, the originally one-dimensional curve segments enclosed in the green and red dashed
box become the three-dimensional low-fouling space delimited by the surfaces defined by yW +
2\y* y~ 0of 20,30 and 70 (m] m~2), respectively.

Next, we can juxtapose the 3D “Baier space” against the Fmax Cloud (Figure 32b). Itis an
amazing coincidence that both the green and red 3D Baier space are located in the relatively high
Fmax region of the cloud. More interestingly, the intersection curve segments denoted by the white
dashed lines (Figure 32b), which are resulted by the intersection between the “Baier surfaces” and
the vertical cross-sections of the Fmax cloud, possess striking similarity to the contour curves of

Fmax. An example of such contour curves is denoted by the dashed black curve in Figure 32b.
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In addition to the information provided by the Baier curve, the Fmax Cloud predicts that
effective antifouling surface against E. coli ATCC 25922 should possess the following properties:
a large electron donor component (y~) and a small electron-acceptor component (y™*),
characteristic to the so-called monopolar surfaces®. A small y*W also favors large Fmax in this
case. Despite the wide range of possible materials predicted by the Fmax Cloud for antifouling
purposes, it should be noted that materials that fulfill such surface energy combinations may not
exist, or may not be suitable for certain applications. For instance, most hydrophilic monopolar
polymers have an apolar surface tension component y*W= 40 mJ m,4" which restricts the freedom

along the y*W axis.

3.6.  Conclusions
The findings of this study demonstrate a science-based, yet relatively simple and practical
way to prevent attachment and subsequent biofilm formation by diverse pathogenic, as well as

non-pathogenic bacteria.
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CHAPTER FOUR
EVIDENCE FOR THE LONG RANGE BACTERIA-EXCLUSION ZONE NEAR

HYDROPHILIC SURFACES 3

4.1.  Abstract

Hydrophilic surfaces of both an abiotic and biological origin have been found to bear
particle-exclusion zones (EZ) as large as hundreds of micrometers above fluid-solid interfaces.
While the mechanism for EZ formation is still debated, its unique long-range particle-repellent
property may hold promise for the development of antifouling surfaces. Here we present the first
evidence for the existence of bacteria-free exclusion zones against three bacterial pathogens
associated with both hospital infections and foodborne outbreaks: Staphylococcus aureus,
Escherichia coli O157:H7, and Listeria monocytogenes. Using confocal laser scanning
microscopy (CLSM), we visualized and quantified bacterial cell density distribution in the vicinity
of a Nafion-liquid interface. A robust image analysis method was developed to generate a
quantitative profile of cell concentration near the interface, which allowed the precise
quantification of EZ and a transition zone (TZ), based on pixel intensity profiles. Tests were
carried out both in a simple buffer, as well as a complex nutritive broth of high ionic strength (IS).
Our results revealed a typical bacterial EZ size of 40 - 60 pum and a TZ of 40 - 80 pum for bacteria
suspended in tryptic soy broth (TSB, pH 7.0, IS = 100 mM). There were no statistical differences
in the size of EZ and TZ for the three strains, implying a physicochemical underpinning for the

existence of EZ and suggesting a potentially broad-spectrum efficacy. These findings may have

3 The main content of this chapter (except section 4.4.4 and 4.4.5) is included in the manuscript: Evidence of a bacterial
exclusion zone at the liquid-solid interface of hydrophilic Nafion. Authors: Yifan Cheng and Carmen I. Moraru.
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important implications in developing biofouling-resistant material surfaces for a wide range of

applications sensitive to bacterial attachment and biofilm formation.

4.2.  Introduction

The existence of a long-range, particle-free zone, so-called an exclusion zone (EZ), near
certain types of surfaces has been acknowledged by several authors in the past decade.’® EZs have
been found in the vicinity of both abiotic surfaces, such as hydrophilic polymers and hydrogels®,’
and metals®, as well as biological surfaces, including muscle tissues!, white blood cells®, vascular
endothelium and xylem*°, and rabbit cornea®®. Such EZs have been observed when solid surfaces
were exposed to a wide range of particle species including microspheres?, carbon particles,
colloidal gold, quantum dots, and dyes®?, of size varying from colloidal particles with diameters
of tens of micrometers down to solutes of molecular weight less than 100 Dal*2, The reported size
of EZ typically ranges from several tens of micrometers up to several hundreds of micrometers
depending on the properties of the medium, the material surface, and the suspended particles.®2
EZs have many interesting properties'®, the most notable being the remarkably long particle-
repelling range, on a typical scale of hundreds of micrometers, which far exceeds that of the Debye
length, typically on the order of several nanometers to tenths of nanometers. While the underlying
mechanisms for this long-range solute-exclusion zone are not presently clear and sometimes highly
debated 341214 this phenomenon has already shown promise in a wide range of applications

including microfluidics®® or water purification®®,

While most reports on EZ involve non-biologic particles, Klyuzhin et al. made a brief
observation that, when suspended in deionized water, some bacterial cells (Escherichia coli and
Nitrousomonus europea) were excluded from the vicinity of hydrophilic Nafion surfaces.®

However, neither confirmation of this observation nor a systematic investigation of the existence
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of EZ for bacteria have been published. The existence of bacteria EZs near abiotic surfaces could
have tremendous significance for the development of materials that minimize colonization by
bacteria, which can help the fight against biofouling and bacterial infections in many areas related
to human life such as medicine, food or water processing. The attachment of planktonic bacterial
cells to surfaces is the first step in the initiation of the biofilm formation cycle’, which is largely
influenced by the interplay between physicochemical and biological factors®®. Since mature
biofilms are very difficult to eradicate, the initial attachment has become the target of an array of
novel antifouling approaches, many based on modifying the properties of material surfaces to
render antifouling effect. In this context, developing surfaces that show a bacterial EZ may

become a promising approach for reducing attachment by bacteria.

To this end, this study investigates the existence of EZ in the vicinity of Nafion for several
bacterial strains. Three pathogenic bacterial strains commonly implicated in biomedical, dental or
food processing environments were selected as challenge organisms: Staphylococcus aureus,
Escherichia coli O157:H7, and Listeria monocytogenes. Additionally, the non-pathogenic
Escherichia coli ATCC 25922 and Listeria innocua, which are commonly used as surrogates for
Escherichia coli O157:H7 and Listeria monocytogenes, were also investigated. These strains
provide a good representation for both Gram-positive and Gram-negative cell wall structures, cell
morphology (rods and cocci), and surface properties (surface energy, zeta potential, different
expression of bacterial appendages), all of which have been shown to greatly influence the
attachment of bacterial cells to biotic and abiotic substrates.'! Since the size of EZ is thought to
be largely dependent on the pH and ionic strength of the suspension medium?, it is imperative to
evaluate EZ under conditions relevant to possible applications. Therefore, the existence of bacteria

EZ in the vicinity of a hydrophilic surface (Nafion) was evaluated in liquids of ionic strength (1S)
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that are typical for aqueous environments encountered in biomedical applications and food

processing (10 mM and 100 mM, respectively).

4.3. Materials and Methods

4.3.1. Bacteria suspension preparation

Cultures of E. coli ATCC 25922, E. coli O157:H7 ATCC 43894, L. innocua, L.
monocytogenes 10403S, S. aureus 9144 were maintained in tryptic soy broth (TSB) with 20%
(volume/volume) glycerol at -80 <C. To activate the cultures, they were streak-plated on tryptic
soy agar (TSA), followed by incubation at 37 <C for 24 h. To prepare bacteria suspensions for the
EZ experiments, colonies from TSA were subcultured in 3 mL TSB for 16 h at 37 <C. The
planktonic bacterial cells were then labeled with propidium iodide and SYTO 9 (Molecular Probes
Inc., Eugene, OR, USA) by adding 5 L of each dye to 3 mL bacteria suspension, followed by
incubation in the dark for 10 min at 20 <C. After that the bacterial suspensions were diluted 1:10
(v/v) with Butterfield’s Phosphate Buffer (BPB) (pH 7.1, IS = 10 mM) or fresh TSB (pH 7.0, IS =

100 mM), respectively, to reach a final cell concentration about 107 cells/mL.

4.3.2. Nafion surface preparation

Nafion, a polymer consisting of a tetrafluoroethylene backbone with sulfonic acid-capped
side chains, was selected as the model surface for this work, due to its prominent and well-
characterized EZ®. Nafion 1110 (254 pm-thick film, Dupont, Wilmington, DL, USA) was cut into
1 cm X 1 cm squares and mounted onto a plastic microscope cover slide via two-sided tape. The
mounted surfaces were then immersed in Milli-Q water (18.2 mQ, UV treated, Millipore
Corporation, Billerica, MA, USA) for at least 20 min, to allow them to equilibrate to fully-hydrated

state 2*. The edges were trimmed straight with a sharp blade. Next, the Nafion coupons were
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subjected to sonication in a bath sonicator for 1 h to remove surface contaminants. The cleaned

coupons were then kept submerged in Milli-Q water until CLSM visualization.

4.3.3. Visualization of EZs by confocal laser scanning microscopy

Each Nafion coupon prepared as above was placed vertically in a plastic Petri dish with a
confocal-compatible glass bottom, which was placed horizontally over the objective lens of a
confocal microscope. After that, 3 mL aliquot of the fluorescently labeled bacteria suspension
prepared as above was pipetted onto the glass bottom, ensuring that the bottom half of the Nafion
coupon was fully immersed in liquid (Figure 33a), followed by 10 min equilibration. To verify if
the experimental conditions did cause bacterial lethality, E. coli ATCC 25922 cells were labeled
with Live/Dead BacLight SYTO 9 and propidium iodide (PI) and suspended in BPB. The labeled
bacterial cells fluoresced either green (if alive) or red (if dead) upon examination by confocal laser

scanning microscopy.

Three-dimensional images of the Nafion-bacteria suspension interfaces were acquired
using a Zeiss 710 confocal laser scanning microscope (CLSM) equipped with inverted immersion
objectives (Carl Zeiss, Jena, Germany). Specifically, a Plan-Apochromat 5 X water immersion
objective lens at a scanning speed of 11 and frame pixels of 512 x 512 (surface area of 400 x 400
pm?) was used. The exciting laser wavelength was 488 nm, and the laser power and pinhole were
set to 800 and 9, respectively. The Nafion-bacteria suspension interface was scanned plane-by-
plane in Z-Stack mode, with a step size of 3.66 pm. The image stack was later reconstructed to
render 3D images that contain quantifiable information about cell distribution at the interface
(Figure 33d). In order to avoid the artifacts near the cutting edge of Nafion surfaces and thus its

influence on EZ formation, the image slices constituting the 3D CLSM image in Figure 33d were
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taken in a region (starting at about 100 um — 150 pm apart from the glass bottom) where there was

no noticeable change in EZ size as the focal plane moved away from the bottom edge of Nafion.

In the experiments with pathogenic strains, several changes of this protocol were made: 1)
TSB was used as the liquid medium to better mimic the environmental conditions associated with
food processing or biomedical applications (high nutrient availability, high IS); 2) bacterial cells
were stained only with the SYTO 9 green fluorescent dye. This was done because red fluorescence
emitted by propidium iodide was not detectable at the interface, indicating limited bacterial
membrane damage under the experimental conditions used here. Therefore, only green

fluorescence was considered for the remainder of the study.

For each strain, at least five Nafion surface replicates were used.

4.3.4. Quantification of EZs using ImageJ

In order to obtain a quantitative characterization of the EZ, the “Profile Plots” plugin of
ImageJ?? was used to extract from the 3D CLSM images the pixel intensity, at incremental
separation distances from the Nafion surface, with a step size of about 0.5 pm. The pixel intensity
at each separation distance was calculated by averaging the intensity values along a line parallel
to the interface. To minimize the impact of experimental variables — such as the binding affinity
of SYTO 9 molecules or the initial concentration of the bacterial cells — on EZ quantification,
normalized pixel intensity (NPI) profiles were determined. Dimensionless NPI values were
calculated by normalizing each pixel intensity relative to the bulk intensity value of the respective
bacterial suspension. The bulk intensity value was defined as the average of the pixel intensity
values beyond a distance of 200 pm (sampled at a 0.5 pm increment, amounting to ~100 data

points), where no difference in intensity with distance from the interface could be distinguished.
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NP1 profiles for all bacterial strains were generated in order to provide an objective and
quantitatively accurate depiction of bacterial cell concentration in the vicinity of the solid-liquid

interface.

Since the transition from EZ to the bulk suspension was not a sharply-defined transition,
we propose the term “transition zone”, or TZ, for describing the region between EZ and the bulk
suspension. We arbitrarily defined the cutoff for exclusion zones (EZ) and transition zones (TZ)
as the separation distance at which its corresponding NP1 first reaches 20% (0.20) and 80% (0.80)

of the plateau value, respectively.

4.3.5. Statistical analysis

One-tailed Z-test was conducted to determine whether the EZ and TZ thickness was
significantly greater than zero at a confidence interval of 99%. One-way analysis of variance and
subsequent Tukey’s test were conducted using JMP Pro 12 (SAS Institute, Cary, NJ, USA) to infer
whether differences in the EZ or TZ thickness across the pathogenic strains were statistically

significant, at a confidence interval of 95%.

4.4. Results and Discussions

4.4.1. Evidence for long-range exclusion zones near Nafion surfaces in phosphate
buffer
As proof of concept, the presence of a bacteria EZ at the Nafion surface was first verified
and confirmed for E. coli ATCC 25922 cells suspended in a low IS phosphate buffer. A zone
depleted of E. coli ATCC 25922 cells was clearly observed, with thickness ranging between 50
jm and 100 pm (Figure 33c). However, it should be noted that the transition from EZ to the bulk

suspension occurred gradually, over tens of micrometers, a region that we termed transition zone
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(TZ). Since this is more evident in the 3D Z-stacked images (Figure 33d) than the 2D single-slice
images (Figure 33c), the 3D images were used for visualization and quantification of EZ

throughout this work.
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Figure 33. Evidence for the existence of bacteria exclusion zone at Nafion-bacteria suspension
interface. (a) The setup for CLSM; (b) Combined Bright-field and fluorescence microscopic
view of the cross-section of Nafion substrate immersed in bacteria suspension (a bottom-up
view); (c) Zoomed-view at the Nafion-bacteria suspension interface enclosed by the dashed-
line square in (c); (d) A 3D image of the interface taken by CLSM scanning in vertical direction

(TZ: transition zone; EZ: exclusion zone). The dashed line indicates the location of interface.

The surface of Nafion itself emitted green fluorescence during CLSM inspection, forming
a thin, continuous green line at the Nafion-bacteria suspension interface (Figure 33b and Figure
33c). To verify that this green fluorescence was indeed caused by the Nafion itself and not by
bacteria adhered at the interface, a clean Nafion coupon was submerged for 10 min in dye-

containing sterile TSB without bacterial cells, followed by CLSM visualization. Figure 34 shows
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that a homogeneous green fluorescence line was observed at the interface even in the absence of
bacteria. This line was comprised of single-pixel “dots”, which aligns with the fact that SYTO 9
has a molecular weight of about 400 Da, or an equivalent diameter of about 1 nm.2® Since SYTO
dyes typically contain a net positive charge at neutral pH,?* they could be electrostatically attracted
to the sulfone groups branches of Nafion (pKa = - 6)?° that carry negative charges at the neutral
pH of TSB or BPB. Corroborated, these facts demonstrate that the green line was due to the
adsorption of the green fluorescent SYTO 9 molecules to Nafion surface. Therefore, this

adsorption line was used to delineate the Nafion-liquid interface when quantifying the EZ.

With bacteria Without bacteria

Figure 34. CLSM images of Nafion-TSB interface after 10-min equilibration in dye-containing
TSB medium with (left) or without (right) L. innocua. The adjacent ticks on vertical axis are 50

pum apart.

4.4.2. Evidence for EZ for pathogenic and nonpathogenic bacteria in nutritive
culture medium
The interaction between bacterial cells and surfaces is complex, being governed by the

interplay between biological factors?®?” and physicochemical factors'®??8, Properties of the
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liquid medium such as pH?®, ionic strength®°, viscosity®!, surface tension®, composition also play
a significant role in the attachment process. In this study, EZ for E. coli ATCC 25922 at the Nafion
— liquid interface was observed in both BPB (IS = 10 mM) and TSB (IS = 100 mM), with the size
of EZ in BPB being greater than in TSB (Figure 35). This is in agreement with previous reports
that EZ size diminishes as salt concentration (IS) increases.®’ Since higher IS is more
representative of conditions encountered in real-world applications, including food processing or

medical environments, the subsequent experiments were conducted in the higher IS medium (TSB).
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Figure 35. The distribution of E. coli ATCC 25922 cells in the vicinity of Nafion surface in two
different dispersants. (a) 3D CLSM images of the Nafion-TSB interfaces, taken after 10 min of
equilibration. The adjacent ticks on the vertical axis are 50 um apart. (b) Normalized pixel
intensity (NPI) profile for the bacteria dispersed in TSB or BPB. Error bars represent standard

error of mean (N = 3).

The 3D CLSM images in Figure 36a show the presence of EZ at the Nafion-bacteria
suspension interface for all three pathogenic strains. Another observation is that there was a

noticeable difference in cell distribution near the interface for the pathogenic strains. E. coli

124



0157:H7 and L. monocytogenes cells appeared distributed in suspension as individual cells,
whereas S. aureus cells seemed to agglomerate as clusters of different sizes. The propensity of S.
aureus to form clusters has been reported before and is attributed to the polysaccharide intercellular
adhesin located on the cell membrane surface.* The NP1 profile plots in Figure 36b followed a
comparable trajectory: NPl was very close to zero for the first 25 - 30 pm, then it started to increase
away from the Nafion-TSB interface. The rate of increase was steeper between d = 25 and d = 50
m, then it tapered off beyond d = 80 pm, and eventually reached a plateau beyond d = 150 pm.
The NPI profiles for the three species were rather similar, although the NPI curve for E. coli
0157:H7 was slightly lower than for L. monocytogenes and S. aureus above d = 40 pm, indicating

a slightly lower cell density in the transition zone for this strain (Figure 36b).
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Figure 36. Exclusion zone (EZ) and transition zone (TZ) in the vicinity of Nafion-TSB interface
exposed to various pathogenic strains. (a) 3D CLSM images of the Nafion-TSB interfaces, taken
after 10 min of equilibration. The adjacent ticks on the vertical axis are 50 um apart; (b)
Normalized pixel intensity (NPI) profiles for the pathogenic strains in the vicinity of Nafion.

Error bars represent standard error of mean (N > 5).
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4.4.3. Quantification of exclusion zones and transition zones

As shown in Figure 37, the thickness values of EZ (average £=SE) for E. coli O157:H7, L.
monocytogenes, and S. aureus were 50.3%13.0 pm, 37.2+12.5 pm, and 38.5#11.1 jm, respectively.
For the same strains, the TZ averages (£SE) were 77.4319.2 pum, 62.9420.5 pm, and 41.545.4 pm,
respectively. For all three strains, the EZ and TZ thickness values were significantly greater than
zero (p < 0.01), indicating that the occurrence of EZs and TZs in this experiment is unlikely to be
a random event. Despite the fact that the average size of EZ and TZ for Staphylococcus were
slightly smaller than for Escherichia or Listeria, no statistically significant differences between
were found across strains (p > 0.05). Additionally, no statistically significant differences were
found when comparing the EZ and TZ of the nonpathogenic strains (E. coli ATCC 25922 and L.
innocua) with their respective pathogenic counterparts (E. coli O157:H7 and L. monocytogenes,
respectively) (p > 0.05). Therefore, in future studies, it would be acceptable to estimate the size of
EZ or TZ for E. coli O157:H7 and L. monocytogenes using their nonpathogenic surrogates, E. coli

ATCC 25922 and L. innocua, respectively.
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Figure 37. Size of exclusion zone (EZ) and transition zone (TZ) for the pathogenic (highlighted
with solid borders) and surrogate strains (without borders) in the vicinity of Nafion-TSB

interface. The error bars represent standard error of means for TZ or EZ (N 2 3).

4.4.4. Implication of exclusion and transition zone for bacterial attachment

As the results shown above suggest, the generally agreed upon separation distance where
bacterial cells start to be significantly influenced by material surface needs to be re-examined. The
mainstream understanding of the physicochemical factors governing bacterial attachment can be
based on the XDLVO theory, which attributes the repulsive forces exerted on bacterial cells
primarily to the electrostatic repulsion and acid-base interaction.®® However, the combined EZ-
TZ region observed in the vicinity of Nafion featured a typical size of 80 pm - 120 pm (Figure 37),
which far exceeds the typical effective range of electrostatic force (FeL, typically within several
tens of nanometers) or acid-base repulsive force (Fag, typically within several nanometers) 2.
This disagreement can be further corroborated with force magnitude calculations based on the

XDLVO theory, which reveal that for an E. coli cell departing the vicinity of a Nafion substrate,
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both FeL and Fag become much smaller than 0.01 pN at a separation distance of 1 um, and further
decrease to essentially zero way before where the EZs were found to “fade out”. Additionally, the
average thrust force generated by a single swimming bacterium was theoretically calculated and
experimentally measured to be 0.1 - 1 pN 3%, more than 2 orders of magnitude greater than the
total repulsive force a bacterium has to overcome (i.e. 0.01 pN) at a separation distance of 1 pm
suggested by the XDLVO theory. Therefore, had FeL and Fag been the only sources of repulsive
forces exerted on a bacterium, the thrust force generated by the flagella-bearing strains — in this
case, E. coli ATCC 25922 and E. coli O157:H7 — should have been sufficient to propel the cell
past the top boundary of EZ, at 40 m — 60 m from the interface (Figure 37). In fact, under the
assumptions of the XDLVO theory, a thrust force of 1 pN would have been adequate to propel the
cell to below 10 nm from the surface, until the sum of Fer, Fag, and the hydrodynamic drag exceeds
the thrust force, where the cell starts to decelerate and eventually stops. Nevertheless, the 3D
CLSM images in Figure 36a indicate a much earlier stall of bacterial cells than predicted by the
XDLVO theory. To directly probe the nature of the force responsible for this particle exclusion
phenomenon, Chen and colleagues measured the force field in the vicinity of a Nafion-liquid
interface at pN precision with optical tweezers. Using negatively-charged forces probes*, they
obtained a repulsive force of pN magnitude up to 50 um away from the Nafion surface, which is

in agreement with the EZ and TZ size presented in Figure 37.

The discrepancy between the XDLVO model predictions and experimentally measured
cell-surface interaction forces shown in Figure 13 of Chapter One suggests the existence of other
mechanisms conducive to this long range bacteria exclusion phenomenon. While the exact
underlying mechanism for EZ is still presently unclear, two competing hypotheses have obtained

more experimental support than others: the structured water hypothesis® and the diffusiophoresis
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hypothesis®. Nonetheless, the possibility that the EZ phenomenon involves electrostatic or surface
energy-related mechanisms should also be considered. Although more research is needed to
further elucidate the nature of EZ, the discovery and confirmation of this far-reaching exclusion
phenomenon against motile bacterial cells can have important implications for understanding

bacterial attachment to both biotic and abiotic surfaces.

4.45. Effect of surface nanoscale topography on exclusion zone size and its
implication for bacterial attachment

To investigate the effect of substratum surface nanoscale topography on the size of the EZ-
TZ layer, the five types of alumina surfaces with distinctly defined surface topography (Figure 38,
top panel) were submerged, as described in section 4.3.3, in a bacteria suspension consisting of
Syto 9-labeled L. innocua cells and BPB (pH = 7.1, IS = 7 mM). After 10 min equilibration at
20 <C, CLSM 3D Z-Stack images were taken at the liquid-substratum interface for each type of
alumina substratum, and the images were analyzed using ImageJ to generate NP1 plots, from which

the EZ-TZ sizes were extracted and compared with the bacterial attachment results.

The combined EZ-TZ size of the nanoporous AAO surfaces increases with decreasing pore
diameter (Figure 38, middle panel), ranging from 69.08 £10.25 pm for the 100 nm pore AAQ to
102.60 +£19.53 pm for the 15 nm pore AAO (Figure 39b). The average combined EZ-TZ size for
the nanosmooth alumina surfaces is 54.41 +12.82 pm, comparable to that of the 50 and 100 nm
pore AAOs. Closer inspection of the interfacial region of the CLSM images reveals a discontinues
layer of attached L. innocua cells, which is clearly different from the continuous green line caused
by the adsorption of Syto 9 molecules to the Nafion surfaces (Figure 35a and Figure 36a). The

relatively high NPI signals near d = O are also reflective of bacterial attachment at the liquid-
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substratum interface (Figure 39a). The attachment of L. innocua cells to the EZ-TZ bearing AAO
surfaces, including the 15 nm pore AAO which appeared to have the largest EZ-TZ size, could
have occurred in two ways: 1) upon the first contact of the AAO substrate with the suspension,
prior to the complete establishment of the EZ-TZ layer; 2) during the 10-min equilibration. In
contrast with the absolutely cell-free EZ observed in the vicinity of the Nafion surfaces (Figure
34a and Figure 35a), the EZs near the nanoporous and the smooth alumina substrate contain
sparsely distributed cells (Figure 38, middle panel), suggesting that the EZs near the alumina

surfaces are less consistent or stable than those near the Nafion surfaces.
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Figure 38. L. innocua exclusion zone in the vicinity of alumina substrates with different surface

topography. Top panel: representative SEM images of the alumina substrates; Middle panel:
3D z-stack CLSM images taken at the solid-liquid interfaces; Bottom panel: biomass
accumulation on these surfaces after 48 h incubation at 37 °C.

To investigate the impact of bacteria-exclusion zone on biomass accumulation over a
longer time scale, the 48 h biomass accumulation of L. innocua on various alumina surfaces are
presented below their respective interfacial CLSM 3D Z-stack images (Figure 39, middle and
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bottom panels). The CLSM images indicate that the 15 nm and 25 nm pore AAOs had the largest
EZ-TZ size after 10 min of contact and the least biomass after 48 h static incubation in TSB culture,
which is substantiated by the quantitative comparison shown in Figure 39b. Despite that no
statistically significant difference between these values was found across surface types (p > 0.05)
except between the EZ size of 15 nm pore AAO and nanosmooth alumina (p < 0.05), the size of
EZ and TZ appear to increase with decreasing pore diameters. Taken together, Figure 38 and
Figure 39 reveal for the first time that surface nanoscale topography may have an impact on the
size of EZ and TZ, which was shown earlier in this Chapter to substantially alter how bacteria
approach and attach to solid substrates. The rising trend of EZ-TZ size from NS to 15 nm AAO
coincides with the decreasing trend of 48 h biomass data, suggesting that the EZ-TZ phenomenon
could have played a role in the low-fouling characteristic of the smaller pore AAO surfaces. More
research is needed to determine whether the topographical dependence of the EZ-TZ barrier is a
manifestation of the topographical dependence of the XDLVO interactions, or it is in and of itself

an additional repulsion mechanism, not accounted for by the XDLVO theory.
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Figure 39. The bacteria-exclusion phenomena near nanoporous AAO surfaces and nanosmooth
control in BPB (pH = 7.1, IS = 7 mM). (a) The NPI profiles for five types of alumina surfaces; (b) L.
innocua EZ-TZ size (the bar plot) and 48-h biomass accumulation (the scatterplot) on these
alumina surfaces. The error bars represent standard error of the mean. For the 48-h biomass
data, values not connected by the same letter are statistically different from each other (p <

0.05).

45.  Conclusions

Complementary to previous studies that demonstrated the existence of a long-range
exclusion of abiotic colloidal particles in the vicinity of certain hydrophilic surfaces, here we show
that such exclusion zones also exist for various bacterial strains. We further demonstrate that EZs
are present both in a simple, low ionic strength liquid, as well as in a complex liquid medium of
moderately high ionic strength that resembles various biological liquids. Surface nanoscale
topography seems to have an impact on the size of EZ and TZ, which may contribute to bacterial
attachment and possibly long-term biofilm formation behavior on these surfaces. The

confirmation of this long range exclusion phenomenon for motile bacterial cells can have
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significant implications for the understanding of bacterial attachment to hydrophilic biotic and
abiotic surfaces. From a practical standpoint, these findings provide important insights into the
potential of developing EZ-conducive coatings or materials as antifouling surfaces, in order to
prevent attachment and fouling by bacteria. This could have implications for a range of

applications related to human health and life, such as food and water processing or the biomedical

industry.
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CHAPTER FIVE

SUGGESTIONS FOR FUTURE RESEARCH

This dissertation focused on understanding the effect of various physicochemical factors
on bacterial attachment using a theoretical as well as an experimental approach. The adjusted
XDLVO model developed in this work provides a framework for quantitatively evaluating the
interaction force between bacterial cells and surfaces with nanoscale pores. The maximum
repulsive force (Fmax) calculated from the model can serve as a predictor for the tendency of a
specific bacterial strain to attach to various solid substrates. However, Fmax alone failed to predict
biofilm formation by certain bacterial strains capable of establishing vertical micro-colonies via
strong cell-cell interactions. Future modeling efforts could focus on building a cell-cell interaction

component into the current XDLVO model.

Another important role of the model is to provide a roadmap for engineering surfaces with
even better antifouling effect. Results from Chapter Three show that by decreasing pore diameter
or increasing surface porosity, Fmax can be increased further, and thereby more bacteria-repellent
can be achieved. The current record for the smallest pore diameter achieved on AAO surfaces is
12 nm. Future breakthroughs in anodization technology may allow further lowering the diameters
of the pores, without a significant reduction in porosity, or increasing porosity, which could lead
to more effective bacteria-repellent surfaces. Modifying surface chemistry is another route to
enhance Fmax, which could be achieved by applying a very thin coating of a material with intrinsic
bacteria-repellent surface energies (i.e. high y~ and low y* and low y*W) to the nanostructured
surfaces. This coating needs to be thin enough, not exceeding several nanometers, in order not to

interfere with nanoscale surface topography.
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Evidence of long-range bacteria exclusion zones was found in the vicinity of Nafion and
alumina surfaces (Chapter Four). Both surface chemistry and surface topography have been found
to affect the size of EZ, but how each of these physicochemical factors influences EZ still remains
to be discovered. Another interesting phenomenon associated with EZ is that incident radiant
energy has been shown to expand the size of EZ in a wavelength dependent manner, with a
maximum degree of expansion in the mid-infrared region.! This could prove to be an accessible
means of improving the antifouling capability of the EZ-bearing surfaces. It is also quite
interesting to think about what bacterial cells approaching an EZ-bearing surface may experience.
Could EZ trigger any change in the transcriptome or proteome of the cells inside EZ? What is the
implication of EZ for the nutrient accessibility of cells located in the vicinity of such surfaces?
Since EZ has been found near a wide range of natural hydrophilic surfaces, could it be possible
that some bacterial strains have developed coping mechanisms against EZ, which allow them to

approach hydrophilic surfaces?

All of these open questions deserve further research, as they may provide useful answers
to the fascinating world of microbial life and behavior, with tremendous implications for many

areas that affect human health and life in general.
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