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Superhydrophobic surfaces for the reduction of
bacterial adhesion

Xiaoxue Zhang,*® Ling Wang® and Erkki Levanen?

As an important research area, the development of antibacterial materials has attracted extensive interest
from researchers. Typical antibacterial materials involve the use of biocides and antibacterial metallic ions,
such as Ag™*, as well as killing by highly reactive species, such as hydroxyl radical, hydrogen peroxide and
superoxide produced by the photocatalysis of TiO,. However, the intensive usage of biocides has a
growing concern in the increase of bacterial resistance and cross-resistance to antibiotics and antibacterial
Ag* depending on its dissolution property may have potential implications on human health and
environment. Currently TiO5 is mainly activated with UVA light and research on visible light photocatalysis
is still under development. Recently, a new scheme using superhydrophobicity has raised more attention
and interests especially for its ability in reducing bacterial adhesion. This paper provides a detailed review
on the basics, recent developments, existing challenges and future perspectives of superhydrophobic

www.rsc.org/advances

1 Introduction

The adhesion and proliferation of bacteria on abiotic surfaces
and the subsequent biofilm formation pose challenges in both
healthcare and industrial applications. The design of anti-
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surfaces especially in reducing bacterial adhesion.

bacterial materials has been a long-standing effort and a
number of strategies have been developed to limit bacterial
colonization on material surfaces. The first approach, as the
oldest method for antibacterial surface design, focuses on
leaching biocides (for example cytotoxic compounds from a
surface) and inducing the death of both the adhered bacteria
and nearby bacteria." However, while the biocides are widely
used in everyday life to limit potential sources of infection,
there is a growing concern that an increasing use of biocides
can result in higher bacterial resistance and the cross-

Dr  Xiaoxue Zhang is a
Postdoctoral Research Fellow in
Department of Materials Science
at  Tampere  University  of
Technology (TUT), Finland. She
is now also a visiting scholar at
the national Centre for Advanced
Tribology at the University of
Southampton, UK. She received
her BSc from Beijing University of
Technology, China, MSc and PhD
(with distinction) in materials
science from TUT. She has pub-
lished 25 full papers including 20
peer-reviewed journal articles. Her main research areas are
superhydrophobic multifunctional surfaces, textured surfaces with
low friction, processing of materials for energy and environmental
applications by sol-gel, hydrothermal, supercritical fluids meth-
ods, and materials characterization.

Xiaoxue Zhang

This journal is © The Royal Society of Chemistry 2013

Dr Ling Wang is a lecturer at the
national Centre for Advanced
Tribology  (nCATS) at the
University  of  Southampton
(UoS). She received her BSc and
MSc in Chemistry from Nankai
University China and her PhD in
system engineering from
Nottingham Trent University UK
before she joined UoS in 2001.
Her research focuses on surface
engineering, tribology test design,
sensing and condition monitoring
for bearings, industrial lubricants
and rotating machinery using
vibration, acoustic emission and
electrostatic sensing techniques.

Ling Wang

RSC Adv., 2013, 3, 12003-12020 | 12003


http://dx.doi.org/10.1039/c3ra40497h
http://dx.doi.org/10.1039/c3ra40497h
https://doi.org/10.1039/c3ra40497h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA003030

Published on 04 April 2013. Downloaded on 12/6/2025 9:04:16 AM.

resistance to clinically important antibiotics.” It has thus been
suggested that biocides should be much more prudently
used.>” Antibacterial metals, such as Ag,® Cu” and Mo,® with
Ag being the oldest and most popular one, are also used as a
type of antibacterial agent to induce the death of adhered
bacteria by their metallic ions. The antibacterial effect of Ag is
mainly based on Ag' ions and therefore dependent on the
dissolution rate of Ag.® When Ag is dissolved completely from
the surface, its antibacterial effect will be gone. Besides, there
are also growing concerns on its bacterial resistance and its
potential implications for human health and the environ-
ment.”*°

More recently, strategies which do not involve the use of
biocides and antibacterial metallic ions have also been
developed. One approach uses photocatalytic materials such
as TiO, to produce highly reactive species such as hydroxyl
radical, hydrogen peroxide and superoxide to kill bacteria."*
This method has been successful in killing Escherichia coli
cells and some other types of bacteria.">'* However, TiO, is
mainly active with UVA light and research is being carried out
in activating TiO, using visible light."*"

Developing antibacterial materials based on superhydro-
phobicity is a new strategy that has been recently developed.
Traditionally, only the materials that can induce the death of
bacteria have been referred to as antibacterial materials. It is
more and more acceptable to include superhydrophobic
surfaces in this category even though they reduce bacterial
killing them  directly."*"®
Superhydrophobicity can reduce the adhesion force between
bacteria and a solid surface to enable the easy removal of
bacteria before a thick biofilm is formed on the surface.'® This
paper provides a detailed review on the basics, recent
developments, existing challenges and future perspectives of
superhydrophobic surfaces especially in reducing bacterial
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Fig. 1 The number of scientific publications with “superhydrophobic”, "super

o

hydrophobic”, "superhydrophobicity’ or “super hydrophobicity’ in their titles
from the ISI Web of Knowledge.

adhesion for antibacterial applications. In the following
sections, the basics of superhydrophobic surfaces and wetting
are firstly explained, followed by a summary of typical
materials properties that affect bacterial adhesion on abiotic
surface to provide an overview on the material-bacteria
interaction. The fourth section highlights research on super-
hydrophobic surfaces that have reduced the adhesion of a
variety of bacteria. Finally the challenges and future trends in
applying superhydrophobic surfaces for the reduction of
bacterial adhesion are discussed.

2 Superhydrophobic surfaces

The superhydrophobic surface is inspired by the Lotus leaf in
nature, where a water contact angle of over 150° is observed.>”
It was suggested in 1997 that the Lotus leaf has a microscale
surface topography that comprises convex microstructures
(papillose epidermal cells) immersed in a dense layer of
epicuticular waxes.”" In 2002, it was further revealed that the
Lotus leaf has a hierarchical micro/nanostructure.”” Since then
it has been commonly accepted that the superhydrophobic
characteristic of the Lotus leaf is due to its hierarchical micro/
nanostructures and the hydrophobic wax on top of the surface.
Generally, water forms droplets on a Lotus leaf and rolls off
easily when it is tilted. Research on superhydrophobic surfaces
has attracted a significant amount of interest and its rapid
progress is clearly shown in the fast growth of scientific
publications. Fig. 1 shows the results of a search on the ISI
Web of Knowledge using ‘“superhydrophobic”, “super hydro-
phobic”, “superhydrophobicity”” or “super hydrophobicity” in
the titles of the publications.

2.1 Wetting phenomena

2.1.1 Wetting models. Wetting reflects how a liquid behaves
on a solid surface. Young’s equation is typically used to
describe wetting on an ideal smooth surface. By assuming the
solid surface is smooth, rigid, chemically homogeneous,
insoluble and non-reactive, the contact angle (0, the angle
between yg and yy, in Fig. 2a) can be defined by Young’s

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 lllustration of a liquid droplet on an ideal smooth surface in (a), on a
rough surface in a Wenzel regime in (b) and on a rough surface in a Cassie—
Baxter regime in (c). Reprinted by kind permission from Macmillan Publishers
Ltd: NPG Asia Materials, A. Nakajima, Design of hydrophobic surfaces for liquid
droplet control, 2011, 3, 49-56, Copyright (2011).

23,24

equation as follows:

cos = Vsv = Vsi (1)
Y

where 0 is Young’s contact angle, y is the surface tension
defined as the force per unit length of the interface and s, [ and
v represent the solid, liquid and vapour respectively.
Therefore, 4, is the surface tension between the solid phase
and the vapour phase, y, between the solid phase and the
liquid phase, and y;, between the liquid phase and the vapour
phase (see Fig. 2a). y is also often referred to as the surface
energy or surface free energy in literature, which is the amount
of energy applied to break chemical bonds. Molecules that do
not form chemical bonds on the surface tend to have a higher
energy, ie. surface free energy, than those that form chemical
bonds.”” The surface free energy is measured in unit of Joules
per square meter (J] m~?), which is equivalent to a surface
tension measured in Newtons per meter (N m~'). Though
thermodynamically the surface tension and surface free energy
are different, they are numerically equivalent and often
referred to as the same thing in literature.”® However, in
practice, in dealing with liquids, the surface tension is usually
used while the surface free energy is a more general term for
solids.

In real situations, solid surfaces are usually rough and
chemically heterogeneous. Wetting on a rough surface often
takes place in two different regimes, as shown in Fig. 2b and
2c. In Fig. 2b, the liquid has completely penetrated into the
roughness grooves and it is called homogeneous wetting. In
Fig. 2c, there is air entrapped in the roughness grooves
underneath the liquid and it is called heterogeneous wetting."®
On a superhydrophobic surface, water usually has hetero-
geneous wetting where air is entrapped between the water
droplets and the surface.

Homogeneous wetting can be described by Wenzel equa-
tion?® below,

costl, = rcosbly (2)

where 0, is the apparent contact angle, r is the roughness
parameter (or roughness ratio) defined as the ratio of the
actual contacting area of a rough surface to the geometric
projected area, and 6y is Young’s contact angle on a flat
surface. The apparent contact angle was introduced for
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wetting on rough surfaces because the actual contact angle
is often inaccessible. The apparent contact angle is the angle
between the tangent to the liquid-air interface and the line
that represents the normal solid-liquid interface.”” The
difference between the two contact angles could be large.
The Wenzel equation also states that both hydrophilicity and
hydrophobicity are enhanced by roughness, that is a rough
hydrophilic surface (0y < 90°) becomes more hydrophilic, and
a rough hydrophobic surface (0y > 90°) more hydrophobic
than a smooth surface with the same chemical composition.*®

On the other hand, heterogeneous wetting can be described
by the Cassie-Baxter equation®® below,

cosl, = ficosl, — f5 (3)

where 0, is the apparent contact angle, f; is the fraction of
solid material in contact with liquid, 0, the contact angle of
the pure solid material and f, the fraction of air in contact with
the liquid (f; +f5 = 1).

It is also suggested that heterogeneous regime on a
superhydrophobic surface is thermodynamically metastable,
while homogenous regime is stable.>® The metastability or the
regime transition can be demonstrated in several ways. For
instance, by applying a small pressure on the metastable
Cassie-Baxter droplet, the droplet can slip to the stable Wenzel
regime. Similarly, a Cassie-Baxter droplet can recede into a
Wenzel droplet by allowing a small amount of the liquid to
evaporate. The state of the droplet also depends on the
amount of liquid and the means of depositing the liquid on
the surface. For instance, when the liquid is delivered in the
form of a mist, it wets the surface instantly as a Wenzel
droplet.'®

2.1.2 Contact angle, contact angle hysteresis, roll-off angle
and sliding angle. When the contact angle (0) is 0°, the droplet
spreads completely on the solid surface and this is referred to
as complete wetting. On the contrary, when 6 is 180° the
droplet stands on the surface and it is named as non-wetting.
The above two cases are the two extremes. When water is used
as the liquid, the surface is hydrophilic when the contact angle
is less than 90°. Superhydrophilic surfaces are those with
contact angles for water less than 5°.*" On the other hand, a
surface is hydrophobic when the contact angle for water is
above 90° and superhydrophobic when it is more than 150°.

Contact angle hysteresis means that two different contact
angles exist along the contact line of a droplet, as shown in
Fig. 3, where the advancing angle 0, at the front of the drop is
larger than the receding angle 0, at the rear of the drop.** The
contact angle hysteresis is therefore defined as the difference
between the advancing and receding angles:

H=0, - 0, (@)

Contact angle hysteresis is an important parameter in
understanding drop motion on a surface. In practice, hyster-
esis is caused by surface roughness, contamination, chemical
heterogeneity, drop size, molecular orientation and deforma-
tion, and liquid molecular transport.

RSC Adyv., 2013, 3, 12003-12020 | 12005
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Fig. 3 lllustration of a droplet moving along an inclined surface with advancing
angle 0, and receding angle 0,. Reprinted from Advances in Colloid and Interface
Science, 2011, 169, Y. Y. Yan, N. Gao and W. Barthlott, Mimicking natural
superhydrophobic surfaces and grasping the wetting process: A review on
recent progress in preparing superhydrophobic surfaces, pages 80-105,
Copyright (2011), with kind permission from Elsevier.

In addition to the hysteresis, the roll-off angle or tilt angle is
also defined as the angle at which the droplet starts to roll off
from an inclined surface.*® Surfaces with low roll-off angle or
tilt angle tend to have low contact angle hysteresis.>® In most
cases, water has very low roll-off angles of a few degrees on
superhydrophobic surfaces. However, sticky superhydrophobic
surfaces with high contact angle hysteresis have also been
reported.>® The critical angle at which the droplet with a
certain weight begins to slide down the inclined surface is
defined as the sliding angle.*” Typically rolling only occurs on
a superhydrophobic surface, while sliding happens on other
surfaces if the droplet could move.

2.1.3 Surface free energy. Various approaches have been
used to determine the surface free energy of solid materials. In
the Owens and Wendt geometric mean approach, the surface
free energy is divided into two components: dispersive and
polar.®® The resulting equation when combined with Young’s
equation is:

yr (1 + cosb) = 2 [(pLPysP) + (7197692 (5)

where 0 is the contact angle, y;, is the liquid surface tension
and y; is the solid surface tension or surface free energy. The
additions of d and p in the superscripts refer to the dispersive
and polar components of each. The total surface free energy is
merely the sum of its two components. To obtain the % and
ys" of a solid, the contact angles of at least two liquids with
known surface tension components (y, y.F, yLd) on the solid
must be determined.’” On the other hand, if the liquid has
only the polar component in its surface tension, and the solid
only has the dispersive component in its surface tension,
wetting will not happen, and vice versa.

The other well accepted approach is the acid-base theory
(LW/AB theory) proposed by van Oss et al.*® In their approach,
the surface free energy is decomposed into y** and 7**:

y = W 4 AB with A8 = o(yty )Y (6)

12006 | RSC Adv., 2013, 3, 12003-12020

View Article Online

LW stands for Lifshitz-van der Waals interactions, which
include the London dispersion, Keesom dipole-dipole and
Debye induction. AB represents Lewis acid-base interactions.
y"and y~ are the Lewis acid (electron-acceptor) and Lewis base
(electron-donor) parameters of the surface free energy,
respectively. The larger 7" is, the stronger ability it has to
accept electrons. On the other hand, the larger y~ is, the
stronger ability it has to provide electrons. In order to
determine the three unknowns (*V, y*, y7), three test liquids
with known surface energy parameters are required.

Surface energy is an intrinsic property of materials. Low
surface energy molecules include primarily methylated and
fluorinated carbons, with surface energy decreasing in the
following manner: -CH,- > -CH; > -CF,- > -CF,H > -CF;.
The lowest surface energy of any readily available solid is 6.7
mN m~ ' based on the hexagonal closed alignment of -CF,
groups on the surface, which gives a water contact angle of
119° on a smooth surface.>® Therefore, in order to achieve a
contact angle for water of over 119° a rougher surface is
required, according to the Wenzel equation.

2.1.4 Free energy of interaction. Instead of using the contact
angle, another way of characterizing surface hydrophobicity
and hydrophilicity is to calculate the free energy of interaction
between a surface (i) and water (w) (AGiy;) using the surface
energy components. The equation is as follows:*°

2
AGiwi:*2(\/Vf“W*\/VVLVW) -
4(\/Vi*“/f+\/m\;— e~

VRr) o
By definition, hydrophobic surfaces are those with AGjy; < 0,
whereas hydrophilic surfaces are those with AGi,i > 0.
Superhydrophobic surfaces are those with AGjy; < —84.

2.2 Lotus effect: self-cleaning

The Lotus effect was introduced in 1997 to explain the self-
cleaning property of the Lotus leaf.*" For centuries the Lotus
has been the symbol of cleanliness in Asian culture. Due to the
low surface energy of the waxes and the surface topography
shown in Fig. 4a, the Lotus leaf has a very high water contact
angle of 170° and a very low roll-off angle of a few degrees. On
such a surface, air is entrapped in most of the surface area,
hence significantly reducing the contact area between water
and the leaf surface as well as that between the dirt particles
and the leaf surface. This considerably reduces the adhesion
force of water as well as the dirt particles to the leaf surface.
Therefore the adhesion of dirt particles to the leaf surface is
much weaker than that to the water droplet. When the water
droplet rolls off from the leaf surface, dirt particles are taken
away, as illustrated in Fig. 4b and Fig. 5a. This phenomenon
has been referred to as the Lotus effect. On the contrary, on a
titled smooth surface the water droplet tends to slide off the
surface. It passes through the dirt particles leaving the
particles on the surface (illustrated in Fig. 5b).

To be more precise, a superhydrophobic surface is easy-to-
clean rather than self-clean. Zhang et al** tested a super-
hydrophobic surface in a paper machine and revealed that the

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 A scanning electron microscopy image of a Lotus leaf (Nelumbo nucifera)
n (a) and an illustration of the reduced contact area of a mercury droplet on the
leaf surface of a Colocasia esculenta and the contaminating particles adhering to
the mercury droplet in (b). Reprinted from W. Barthlott and C. Neinhuis, Purity of
the sacred lotus, or escape from contamination in biological surfaces, Planta
1997, 202, 1-8, Copyright (1997), with kind permission from Springer Science
and Business Media.

superhydrophobic surface was not self-cleaning (being clean
by itself) but covered by contaminants from the paper machine
environment. However, the contaminants could be easily
cleaned by washing with pressure water due to the low
adhesion force of the contaminants to the surface.

2.3 Other functionalities

In addition to the easy-to-clean property, superhydrophobic
surfaces have been found to be able to reduce bacterial
adhesion and have an easy removal capability of the bacterial
cells slowing down the thick biofilm formation processes.
Superhydrophobic surfaces are also believed to have other
functionalities such as water repellence, broadband anti-
reflection,*®** anti-icing,*>™*” drag-reduction in fluid flow,***°
non-adhesive property’® and wetting control.”***

2.4 General processing schemes

A number of processes for generating superhydrophobic
surfaces have been extensively reported in the last two
decades. It has been commonly accepted that low surface

(@) (b)

Fig. 5 Illustration of a water droplet rolling off a rough surface in (a) and sliding
on a flat surface in (b). Reprinted from W. Barthlott and C. Neinhuis, Purity of the
sacred lotus, or escape from contamination in biological surfaces, Planta 1997,
202, 1-8, Copyright (1997), with kind permission from Springer Science and
Business Media.
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energy and surface roughness are the two dominant factors in
the processes, which have been in general separated into two
approaches.”””? The first approach is to roughen a hydro-
phobic surface typically consisting of a polymer material with
low surface energy, e.g. with methylated and fluorinated
carbons groups. The other one is to coat low surface energy
molecules such as fluoroalkylsilane on a rough surface of any
type of material like ceramics or metals. The former is typically
a one-step process and the latter a two-step process. However,
some superhydrophobic surfaces have also been processed
without deposition of low surface energy molecules on
hydrophilic materials.>* ™’

Surface roughness can vary significantly, depending on the
processing methods and processing parameters. A numbers of
methods can be used to roughen a surface. Also a wide range
of surface roughness (either random or tailored) can have
heterogeneous wetting in the Cassie-Baxter state, resulting in
a superhydrophobic property. Specific methods and routes to
produce superhydrophobic surfaces are considered outside
the scope of this review but details are available in many other
publications,>®>1:38763

2.5 Typical characterization techniques

The most typical means for superhydrophobicity characteriza-
tion is to measure the contact angle by a sessile droplet
method.®"®® A microliter syringe is used to release a water
droplet and an optical system is connected to a computer for
data analysis. Typically, 5 droplets are put on different
positions on the surface and the average is accepted as the
final value. Advancing, receding, sliding, and roll-off angles
are obtained using the same system, if the sample holder
platform can be tilted while the data is recorded. The sessile
droplet method is relatively simple. However the results are
dependent on the drop profile, the substrate baseline,
contrast, lighting and focusing, and it becomes more
complicated if the substrate is non-reflective and macroscopi-
cally rough.®®

Recently, a new method has been developed to characterize
superhydrophobicity based on the ability of water droplets
bouncing on the surface, i.e. the number of water bounces.®” It
was found that water bouncing only occurred on the surfaces
with a water contact angle of over 151°. The authors therefore
concluded that a surface capable of achieving one or more
bounces could be judged to be superhydrophobic (Fig. 6a).
They also found that the number of bounces increased linearly
with the water contact angle for surfaces with similar
microstructures (Fig. 6b), i.e. a surface which supported 5
bounces was more superhydrophobic than one which sup-
ported 3 bounces. They suggested that this new technique
provided a universal indication of superhydrophobicity and
was able to rule out the disparity in measuring the static water
contact angle.®”

Superhydrophobicity is typically characterized in air, and is
generally not applicable for submerged systems where the
liquid volume is practically infinite. However, underwater
superhydrophobicity is relevant in antibacterial applications,
when a material surface is immersed in water where bacteria
are suspended. One criterion suggested for underwater super-
hydrophobicity characterization is the area fraction of the
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Fig. 6 Series of photographs of an 8 ml methylene blue colored water droplet dropped from a height of 20 mm and bounced on substrates with a range of water
contact angles in (a), and the number of bounces on surfaces with a range of hydrophobicity in (b). Reprinted from C. R. Crick and I. P. Parkin, Water droplet bouncing
— a definition for superhydrophobic surfaces, Chemical Communications, 2011, 47, 12059-12061, Copyright (2011), with kind permission from Royal Society of

Chemistry.

solid that is wet at equilibrium (&.). Thus the goal of
designing an underwater superhydrophobic surface has been
to make the @, as small as possible. In principle, underwater
superhydrophobicity is achievable with a sufficiently high
roughness ratio.®®

2.6 Long term durability

Despite the extensive study of superhydrophobic surfaces,
challenges still remain in applying them in real applications.
As stated, superhydrophobic surfaces require a micro/nano
surface roughness and a low surface energy, thus they
generally suffer from weak durability due to the mechanically
fragile micro/nano structure on the surface and the fast

12008 | RSC Adv., 2013, 3, 12003-12020

degradation of surface chemistry. Robust superhydrophobic
surfaces are generally unattainable at the required micro/
nanoscales.®” Any loss of the micro/nano topographical
structures on the surfaces will lead to a reduction of its
superhydrophobicity. The degradation of the low surface
energy layer may lead to the loss of superhydrophobicity even
when the surface topographical structure is undamaged. The
degradation could be caused by surface contamination®® and/
or reactions of the layer with chemicals in the environ-
ment.”%”"

Although plenty of studies have been carried out developing
processes to create superhydrophobic surfaces, research on
the durability aspect of superhydrophobic surface only started

This journal is © The Royal Society of Chemistry 2013
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a few years ago.”” Several concepts to improve the mechanical
durability of superhydrophobic surfaces are suggested, for
example, by using hierarchical roughness in which robust
microscale bumps can provide protection to the more fragile
nanoscale roughness,”>”* using composite materials with a
hydrophobic polymer in the matrix,”>””” and incorporating
self-healing’®’® and photocatalytic functions in superhydro-
phobic surfaces.”” The uses of hierarchical roughness and
composite materials have been currently considered as the
most mature concept and other concepts are still in early
development stages. It has also been found that, although the
hierarchical roughness covered with a low surface energy layer
has attracted a lot of attention, the wear out of the low surface
energy layer and damage of the nanoscale roughness can
result in an increase in the contact angle hysteresis and loss of
superhydrophobicity.”®”* Incorporating various nanoparticles
in the hydrophobic polymer matrix in composite materials has
been demonstrated as a reasonable approach to improve
durability.”>””” Despite the great efforts made so far, it is still
challenging to obtain mechanically robust and chemically
stable and durable superhydrophobic surfaces for demanding
applications, and certainly much more effort and break-
through solutions are required. For many applications where
wear resistance is not essential, superhydrophobic surfaces
can still be applied to achieve a good performance. For
example superhydrophobic surfaces can be applied on the
ceilings and walls of hospital buildings to reduce bacterial
adhesion. Therefore it is important to understand the
durability requirements in targeted applications in order to
apply a proper processing method in preparing a suitable
superhydrophobic structure.

3 Effect of material properties on bacterial
adhesion

Although this review focuses on the reduction of bacterial
adhesion via superhydrophobicity, it is important to explain
how bacteria interact with materials and how material
properties in general affect bacterial adhesion. This section
thus identifies the materials properties and summarizes their
effects on bacterial adhesion. It is not intended to provide
concrete conclusions on the exact influence of a material
property on bacterial adhesion, since contradictory results
have been observed depending on the particular experimental
conditions applied in different studies. Joint influences due to
a number of material properties are often seen.

3.1 Bacterial adhesion in general

In general, bacteria are structurally and chemically complex
and dynamic to environmental changes.® They can be
classified by their shape or as Gram positive or Gram negative,
which refers to a staining procedure, as shown in Fig. 7. For
example Staphylococcus epidermidis is a spherical coccus and
Gram positive, and Escherichia coli is a cylindrical bacillus and
Gram negative.®' The composition of the cell wall of Gram
positive and Gram negative bacteria differs considerably.*

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 lllustration of bacterial classification. Reprinted with permission from J. A.
Lichter, K. J. V. Vliet and M. F. Rubner, Design of Anti-bacterial Surfaces and
Interfaces: Polyelectrolyte Multilayers as a Multifunctional Platform,
Macromolecules, 2009, 42, 8573, Copyright (2009) American Chemical Society.

Classically, bacterial cells have been treated as inert
particles and the bacterial adhesion to a flat surface have
been widely described by the DLVO (Derjaguin, Landau,
Verwey, Overbeek) theory in which particle adhesion is
governed by van der Waals interactions (generally attractive)
and repulsive interactions from the electrical double layer of
the cell and the surface.®* Bacterial adhesion is generally
described by two stages resulting in mature biofilm formation,
as illustrated in Fig. 8. Stage I is the initial interaction which is
rapid and reversible between the bacterial cell surfaces and the
material surfaces, while stage II involves specific and non-
specific interactions between proteins on the bacterial surface
structures (fimbriae or pilli) and binding molecules on the
material surface. Stage II is slowly reversible and often termed
as irreversible.®” However, real cell-material interactions are
far more complex as they involve highly dynamic cells, the
environment with many variables such as temperature, pH,
etc., and material surfaces influenced by many different
properties. This paper will focus on the effect of material
properties on the bacterial adhesion.

3.2 Effect of surface charge

Surface charge is typically originated from atom substitution
in a crystal lattice, lattice defects, broken bonds and the
ionization of surface groups. The surface charge affects the
distribution of ions in the surrounding interfacial region,
resulting in an increased concentration of counter ions (ions
of opposite charge to that of the particle) close to the surface.
Thus an electrical double layer exists around each particle, and
the Z potential is typically measured to indicate the thickness
of the electrical double layer.®

The bacterial cell surface charge originates from the
dissociation or protonation of carboxyl, phosphate and amino
groups.®® Under most physiological conditions, a bacterial cell
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Fig. 8 lllustration of the two stages of bacterial adhesion. Reprinted with permission from J. A. Lichter, K. J. V. Vliet and M. F. Rubner, Design of Anti-bacterial Surfaces
and Interfaces: Polyelectrolyte Multilayers as a Multifunctional Platform, Macromolecules, 2009, 42, 8573, Copyright (2009) American Chemical Society.

surface carries a negative charge, with a few exceptions.®%*

Therefore, the bacterial adhesion on negatively charged
surfaces is generally reduced as bacteria experience an electric
double layer repulsion when approaching the surface. On the
contrary, bacterial adhesion tends to increase on positively
charged surfaces.®> However, Gottenbos et al®® found that
positive surface charge could also impede bacterial growth,
despite the initially promoted adhesion.

3.3 Effect of surface free energy

Bacterial adhesion on surfaces with different surface free
energies has been widely studied and it has been proved that
the surface free energy can significantly influence bacterial
adhesion. A relationship between bacterial adhesion and the
surface free energy was reported and a surface free energy
between 23 and 30 mN m ™" was related to the lowest bacterial
adhesion.®” This is consistent with other reported results. For
example, a minimum Escherichia coli adhesion was reported
for the surface free energy range between 21 and 29 mN m ™~ *.%8
A minimum bioadhesive range and a highest detachment rate
of marine biofilms was shown to exist for a surface free energy
between 20 and 25 mN m ™~ ".*° A tailoring of a total surface free
energy between 20 and 27 mN m™' and its LW component
between 20 and 24 mN m~ ' reduced the initial adhesion of
Pseudomonas aeruginosa AK1 to inert surfaces.’®

It is also reported that bacteria spreading was dependant on
the polar component of the surface free energy (y**). The
spreading was low when the polar component was less than 5
mN m~ ', while high spreading occurred when the polar
component was greater than 15 mN m™ """ The Lewis acid
(electron-acceptor, y') and Lewis base (electron-donor, y~)
parameters of surface energy have also been reported to have
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influence on the growth and attachment of osteoblasts as
surfaces with more electron acceptor sites encouraged
osteoblastic differentiation.*

3.4 Effect of wettability

A lot of research has also focused on investigating the
influence of surface hydrophobicity or hydrophilicity, in
another word, the wettability on bacterial adhesion.”*~%°
Arima and Iwata’ found that bacteria effectively adhered
onto polymer surfaces with water contact angles of 40-70°.
Also, Lee et al.®® reported that bacteria adhered, spread and
grew more on a polyethylene surface with moderate hydro-
philicity, with a maximum adhesion of bacteria at a water
contact angle of about 57°. Both studies showed a good
relationship between wettability and bacterial adhesion.
Studies also showed that the hydrophilic surface attracted
bacteria like Staphylococcus aureus and Escherichia coli,”
whereas hydrophobic surface attracted Pseudoxanthomonas
taiwanensis and Staphylococcus epidermidis and reduced the
adherence of bacteria including Deinococcus geothermalis and
Meiothermus ~ Silvanus,”*  Staphylococcus — aureus,”  and
Streptococcus mutans.”®

Surface charge, surface free energy and surface wettability
are related and often have joint influence on bacterial
adhesion. Besides, they all depend on the surface chemical
composition whose effect on bacterial adhesion is typically
studied through surface wettability, free energy and charge of
the material.

3.5 Effect of surface topography

It was found that irregularities in polymeric surfaces promoted
bacterial adhesion and biofilm formation, whereas ultra-
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Table 1 Summary of the bacterial adhesion experimental details and the main findings

Material and processing of the

Main findings on

Bacterium tested superhydrophobic surface Test period  the superhydrophobic surface Ref.
Staphylococcus aureus Based on TiO, nanotubes processed 2hand4h Less adhesion than on 101
(spherical shape, Gram positive) by electrochemical oxidation and hydrophobic and hydrophilic
finally treated with silane surfaces, scattered distribution,
adhesion increased with time
Based on fluorinated silica colloids 1.5 h Reduced adhesion compared 102
with reference
Based on a silicone elastomer prepared 1h Reduced adhesion compared 103
by aerosol assisted chemical vapour deposition with an uncoated glass and a
dip-coated elastomer
hydrophobic glass
Superhydrophobic poly(r-lactic acid) surface 24 h No reduced bacterial adhesion 106
Laser ablated superhydrophobic Ti surface 18 h No reduced bacterial adhesion 105
and bacterial colonization happened
Pseudomonas aeruginosa Based on fluorinated silica colloids 1.5 h Reduced adhesion compared 102
(rod shape, Gram negative) with reference
Laser ablated superhydrophobic Ti surface 18 h Nearly no bacterial adhesion 105
Superhydrophobic poly(r-lactic acid) surface 24 h No reduced bacterial adhesion 106
and biofilm formation happened
Escherichia coli polystyrene (PS), polycarbonate (PC) and NA 2% of bacteria adhered, 104
(rod shape, Gram negative) polyethylene (PE) surfaces induced by shrink < 0.1% of bacteria remained
after rinsing
Based on a silicone elastomer prepared by 1h Reduced adhesion compared 103

aerosol assisted chemical vapour deposition

smooth surfaces did not favour bacterial adhesion and biofilm
formation.”” This was explained by the fact that a rough
surface processes a greater surface area with the depressions
providing more favourable sites for bacterial colonization. By
using natural surfaces the effect of surface topography on
biofilm formation and subsequently their fouling in sea water
was studied. One example of natural surfaces is the shell of the
blue mussel Mytilus galloprovincialis which has a homogenous
ripple-like microtextured surface (1-2 pum). It was reported
with microtopography that the shell of M. galloprovincialis was
fouled by significantly fewer species and had a significantly
less total fouling cover than the smooth reference surfaces
over a 12 week period in sea water.”® An attachment point
theory was later studied to explain the effect of surface
topography on bacterial adhesion, the subsequent biofilm
formation and fouling. Theoretically, the cell has the highest
number of attachment points when it fits within the
depressions in the microtextures, while 2 attachment points
are the lowest when the cell is slightly larger than the
microtexture wavelength.”® In general, the surfaces with a
higher number of attachment points will attract more cell
attachment. However, the influence of the surface topography
addressed here is not the same on superhydrophobic surfaces
with Cassie-Baxter wetting schemes. The application of using
superhydrophobic surfaces to reduce bacterial adhesion is
reviewed in the next section.

3.6 Effect of other material properties

Apart from the above mentioned material properties, the
elastic modulus and surface coating thickness were also
reported to affect bacterial adhesion. Brady and Singer'®°
found that the relative bioadhesion of pseudobarnacles on
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with an uncoated and a dip-coated
elastomer hydrophobic glass

various surfaces was related to (yE)"/?, where y is the surface
energy and E is the elastic modulus or Young’s modulus. They
also suggested that bacterial adhesion decreased when the
coating thickness was increased to 100 pm. A coating
thickness of more than 100 pm did not exhibit any major
decrease in the adhesion.

4 Recent developments in applying
superhydrophobic surfaces to reduce
bacterial adhesion

Bacterial adhesion on hydrophobic surfaces has been exten-
sively studied and it has been recently extended to super-
hydrophobic  surfaces. = The  feasibility = of  using
superhydrophobic surfaces to reduce bacterial adhesion has
been investigated by a number of researchers.'®'® This
section reviews the superhydrophobic surfaces that have been
shown to reduce bacterial adhesion and the mechanisms of
how bacterial cells interact with superhydrophobic surfaces,
evaluating the current development in applying superhydro-
phobic surfaces for the reduction of bacterial adhesion.

4.1 Superhydrophobic surfaces to reduce bacterial adhesion

Table 1 summarizes the experimental details and the main
findings of the superhydrophobic surfaces that have shown
the ability to reduce bacterial adhesion with a couple of
exceptions.

Tang et al.*°" observed the adhesion of Staphylococcus aureus
on surfaces with different wettabilities. The SEM images of the
adhesion of Staphylococcus aureus on different surfaces after 2
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Adhesion after 2 h

Adhesion after 4 h

On hydrophilic surface (54 °)

On hydrophobic surface (133 °)

On superhydrophobic (156 °)

Fig. 9 SEM images of Staphylococcus aureus adhesion after 2 h and 4 h on hydrophilic, hydrophobic and superhydrophobic surfaces with contact angles marked in
the parentheses. Reprinted with permission from P. Tang, W. Zhang, Y. Wang, B. Zhang, H. Wang, C. Lin and L. Zhang, Effect of superhydrophobic surface of titanium
on Staphyococcus aureus adhesion, Journal of Nanomaterials, 2011, article ID 178921.

h and 4 h are shown in Fig. 9. After 2 h, there were
Staphylococcus aureus on their TiO, nanotube based super-
hydrophobic surface with a water contact angle of 156°
compared with those on the hydrophilic surface with a water
contact angle of 54° and the hydrophobic surface with a water
contact angle of 133°. Furthermore, the Staphylococcus aureus
that adhered onto the hydrophobic and superhydrophobic
surfaces were more scattered, while the Staphylococcus aureus
that adhered onto the hydrophilic surfaces tended to gather.
After 4 h, similar trends were found, except that the amount of
adhered cells on all three surfaces increased. The authors
concluded that although the cells were not totally absent on
the superhydrophobic surfaces and the amount of adhered
cells increased with time, they were much less in quantity and
more scattered than those on the hydrophilic and hydrophobic
surfaces and could be easily removed.

Privett et al'®®> demonstrated that the adhesion of
Staphylococcus aureus and Pseudomonas aeruginosa was

12012 | RSC Adv., 2013, 3, 12003-12020

reduced significantly on the superhydrophobic coating (water
contact angle of 167°) obtained from fluorinated silica
colloids. Crick et al.'® reported reduced Staphylococcus aureus
and Escherichia coli adhesion on their AACVD (aerosol assisted
chemical vapour deposition) coated superhydrophobic surface
(water contact angel of 165°) compared with an uncoated plain
glass (water contact angle of 60°) and a dip-coated elastomer
glass (water contact angle of 95°). Furthermore, Freschauf
et al."® found a good prevention of Escherichia coli growth on
their shrink-induced superhydrophobic polystyrene (PS), poly-
carbonate (PC) and polyethylene (PE) surfaces and also
demonstrated the effectiveness of rinsing on removing
bacterial cells. Only 2% of the initial bacterial cells adhered
on the superhydrophobic surface. Rinsing removed nearly all
the cells with less than 0.1% of the initial bacterial cells
remaining on the surface.

On the other hand, Fadeeva et al'®® reported that
Staphylococcus aureus cells were colonized after 18 h on the
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laser ablated superhydrophobic Ti surface though
Pseudomonas aeruginosa cells did not attach to the surface.
The authors suggested that the spherical Staphylococcus aureus
cells (typically 1 um in diameter) required a much lower degree
of surface contact to adhere compared to the rod-like
Pseudomonas aeruginosa cells (typically 1-5 pm long and 0.5-
1 pum wide). On the other hand, Sousa et al.'°® reported both
Staphylococcus aureus and Pseudomonas aeruginosa colonized
on their superhydrophobic poly(i-lactic acid) surface after 24 h
and Pseudomonas aeruginosa was even able to form a biofilm
on the surface. Furthermore, the bacteria were not able to be
removed easily by water. However, further discussions on the
mechanisms were not given in the paper.

Reducing bacterial adhesion via superhydrophobicity is a
relatively new topic and has yet to be studied thoroughly and
systematically. The majority of the current research is still
focusing on investigating the phenomenon and the potential
of applying superhydrophobic surfaces to reduce bacterial
adhesion. As shown in Table 1, the tested superhydrophobic
surfaces are based on different materials processed by
different methods. The only parameter that is constant is the
contact angle for water, which is over 150° on all the surfaces.
The bacterium types tested are limited to Staphylococcus
aureus, Escherichia Coli and Pseudomonas aeruginosa. The
bacterial adhesion test procedure also differs from study to
study. In some studies a bacterial suspension was flown over
the samples while in others the samples were immersed in the
bacterial suspension, with the incubation time varying
between 1 and 24 h. Therefore, it is not surprising that
contradictive results could be obtained as the experimental
details could significantly affect the results. In order to fully
understand the mechanisms of bacterial adhesion on super-
hydrophobic surfaces, more bacterium types should be tested
and the cell adhesion test procedure should be standardized.
On the other hand, more parameters, i.e. surface roughness
values, morphology, functional group and the free energy from
the superhydrophobic surfaces, should also be considered.
The interaction between bacterial cells and superhydrophobic
surfaces should be systematically studied. The two-stage
bacterial adhesion shown in Fig. 8 is not necessarily applicable
to superhydrophobic surfaces. However, despite the variations
in these experiments, a strong potential for using a super-
hydrophobic surface to reduce the initial bacterial adhesion is
seen, although further efforts are still required.

4.2 Reducing bacterial adhesion via reduced protein
adsorption

Despite the variations in the results achieved in the studies on
superhydrophobic surfaces, it has been agreed that reduced
protein adsorption plays an important role in reducing
bacterial adhesion on surfaces. Bacterial adhesion is mediated
by different types of interactions which can be nonspecific or
specific, for example through an adsorbed protein film.*°” The
formation of a protein layer can promote bacterial adhesion
and facilitate the formation of a biofilm. It is generally
considered that proteins tend to adsorb more favourably onto
surfaces with contact angles of 60-90° and on hydrophobic
surfaces.'®® However, superhydrophobic surfaces have been
found to have low protein adsorption and easy protein

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Adsorption profiles of BSA (a) and Fg (b) on hydrophobic and
superhydrophobic surfaces. Reprinted with permission from C. P. Stallard, K. A.
McDonnell, O. D. Onayemi, J. P. O'Gara and D. P. Dowling, Evaluation of protein
adsorption on atmosphere plasma deposited coatings exhibiting superhydro-
philic to superhydrophobic properties, Biointerphases, 2012, 7, 31.

detachment,'*”"® thus resulting in a low bacterial adhe-

sion.'*®!112 Ror example, Stallard et al.'%® reported a much
lower adhesion of the bovine fibrinogen (Fg) and bovine serum
albumin (BSA) proteins on their atmospheric plasma depos-
ited superhydrophobic fluorinated siloxane coatings, com-
pared with hydrophobic surfaces (see Fig. 10). They also
performed  bacterial  adhesion  experiments  using
Staphylococcus aureus to the surfaces before and after a protein
adsorption to identify the effect of an adsorbed protein layer
on bacterial adhesion. Staphylococcus aureus is known to bind
specifically to Fg. The results in Fig. 11 revealed that a very low
amount of Staphylococcus aureus cells attached the super-
hydrophobic Ti surface after Fg adsorption compared to the
plain Ti surface, as well as to the plain Ti surface after Fg
adsorption. It also showed that Fg treatment did not increase
the amount of attached Staphylococcus aureus cells on the
superhydrophobic surface without Fg treatment. This was
thought to be due to the lack of an adsorbed Fg protein layer
on the superhydrophobic surface even after the Fg treatment.
No significant difference in the adhesion between the plain Ti
and Fg treated plain Ti surfaces was observed though one
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Fig. 11 Attachment of Staphylococcus aureus cells to Fg treated and untreated
plain Ti and fluorosiloxane coated superhydrophobic (SH) Ti surface. Reprinted
with permission from C. P. Stallard, K. A. McDonnell, O. D. Onayemi, J. P. O'Gara
and D. P. Dowling, Evaluation of protein adsorption on atmosphere plasma
deposited coatings exhibiting superhydrophilic to superhydrophobic properties,
Biointerphases, 2012, 7, 31.

could expect the Fg treated plain Ti surface would attract more
bacterial cells than the non-treated plain Ti surface. However,
the authors did not offer a discussion on this.

4.3 Bacterial adhesion patterns on superhydrophobic surfaces

Although most of the reduced bacterial adhesion on a
superhydrophobic surface is shown to be based on a CPU
count (bacterial colony producing units) of the adhered cells,
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RSC Advances

some have studied the bacterial adhesion patterns and its
possible mechanism on superhydrophobic surfaces. Truong
et al'™® tested the bacterial adhesion on laser ablated
superhydrophobic titanium surfaces using strains of
Staphylococcus aureus CIP 65.8", Staphylococcus aureus ATCC
25923, Staphylococcus —epidermidis ATCC 14990" and
Planococcus maritimus KMM 3738. The results showed that
each strain preferentially attached to the crevices between the
topographical features of the superhydrophobic surface, while
the upper regions of the topographical features were cell-free,
as shown in Fig. 12.

A mechanism has also been proposed in Fig. 13 where the
cells were unable to cross the air-water interface and then
began to accumulate in the tri-phase interface that provided
the best shelter from water turbulence. Subsequently the
bacterial cells slid across the nanoscale bubbles trapped
within the nanoscale topographical features. With this
mechanism, it can be predicted that the bacterial adhesion
would be increased over time due to the replacement of
trapped air. It also provides an explanation to the findings
reported in reference 101.

4.4 Bacterial adhesion on a wet superhydrophobic surface

Though it is commonly reported that superhydrophobicity and
its capability to reduce bacterial adhesion will be lost under
submerged conditions over time after the trapped air is
completely excluded,"'*'" the naturally superhydrophobic
Taro (Colocasia esculenta) leaf has been shown to be highly
resistant to bacterial adhesion even in completely wet
conditions simulated by treating the leaves with 95%
ethanol."'® Fig. 14 shows the Pseudomonas aeruginosa adhe-

S. aureus CIP 65.8"

Lotus-like Ti

S. aureus ATCC 25923

S. epidermidis ATCC

14990" P. maritimus KMM 3738

Fig. 12 SEM images of bacterial adhesion patterns on superhydrophobic Lotus-like Ti surfaces and as-received reference Ti surfaces after incubation for 18 h.
Reprinted by kind permission of Taylor & Francis Ltd, from Air-directed attachment of coccoid bacteria to the surface of superhydrophobic lotus-like titanium, V. K.
Truong, H. K. Webb, E. Fadeeva, B. N. Chichkov, A. H. F. Wu, R. Lamb, J. Y. Wang, R. J. Crawford and E. P. lvanova, Biofouling: the Journal of Bioadhesion and Biofilm

Research, 2012, 28, 539-550.
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Fig. 13 Proposed mechanism by which bacterial cells accumulate at the tri-phase interface on immersed superhydrophobic Ti surfaces. Reprinted by kind permission
of Taylor & Francis Ltd, from Air-directed attachment of coccoid bacteria to the surface of superhydrophobic lotus-like titanium, V. K. Truong, H. K. Webb, E. Fadeeva,
B. N. Chichkov, A. H. F. Wu, R. Lamb, J. Y. Wang, R. J. Crawford and E. P. lvanova, Biofouling: the Journal of Bioadhesion and Biofilm Research, 2012, 28, 539-550.

sion on a Taro leaf under non-wet and wet conditions after 23
h, together with the morphology of a Taro leaf with the
corresponding adhesion force on its nanostructures. Both on
the wet and non-wet leaf surface, cells adhered mostly on the
boundary between epidermal cell units, displaying circular
patterns in Fig. 14a and 14b. The authors suggested that the
pattern was attributed to the difference in the surface
topographical nanostructures in different densities. The
boundary area had a low density of nanostructures with a
high adhesion force and thus high cell adhesion, while the
edge area of epidermal units had high density of nanostruc-
tures with low adhesion force and therefore low cell adhesion
(see Fig. 14c). As a conclusion, the authors suggested that
properly designed surface nanostructures might be able to
reduce bacterial adhesion even in completely wet submerged
conditions.

4.5 Other relevant applications

Superhydrophobic surfaces have also been found to have
increased resistance to the microbial-induced corrosion (MIC)
and fouling in sea water due to its capability to reduce
bacterial adhesion."*>*"”"*® Zhang et al.'*® reported that their
superhydrophobic surface had a promising anti-fouling
property in the short term. However, after long term exposure
to sea water, the superhydrophobic film lost its anti-fouling
property. Liu et al.''” found that the marine bacterium Vibrio
natriegens had only a weak attachment to a superhydrophobic
aluminium surface, leading to a significant reduction in the
corrosion rate of aluminium due to the lack of Vibrio
natriegens. Mahalakshmi et al.*® tested their superhydropho-
bic titanium surface in seawater and found out that microbes
did not attach on the surface and the corrosion resistance of
titanium in seawater was significantly increased.

4.6 Hybrid solutions in developing antibacterial materials

Although the concept of using superhydrophobicity against
bacterial adhesion is green and environmental friendly, the
efficiency is rather low, as indicated from the phenomenon
that bacteria will adhere to the superhydrophobic surface over

This journal is © The Royal Society of Chemistry 2013

time after the surface become fully wet and the entrapped air
is excluded. As aforementioned in the introduction, the use of
antibacterial metals and photocatalytic materials form the
other parts of the new strategies in developing antibacterial
materials besides superhydrophobicity. Attempts at develop-
ing hybrid antibacterial materials by combining superhydro-
phobicity with antibacterial metals or with photocatalysis have
been made in order to improve the antibacterial performance
while maintaining the green concept of preventing bacterial
adhesion in the first place. The efforts of incorporating
antibacterial metals such as Ag''®'*° and Cu'” with super-
hydrophobicity have been more successful than combining
photocatalysis with superhydrophobicity. Tang et al.'*' com-
bined superhydrophobicity with photocatalysis by coating a
TiO, surface with fluorosilane to see the antibacterial effect.
Unfortunately the thin surface silane layer would largely stop
the photocatalysis. Superhydrophobic ZnO has also been
fabricated"** but antibacterial testing was hardly reported.

5 Concluding remarks

In general, materials properties such as surface energy,
wettability (hydrophobicity and hydrophilicity), surface charge,
surface chemical composition, surface topography, surface
elastic modulus and coating thickness were found to have an
influence or a joint influence on the bacterial adhesion on
surfaces. Mild hydrophobicity does not always reduce bacterial
adhesion.

Different from hydrophobic surfaces, superhydrophobic
surfaces have shown a promising capability to reduce bacterial
adhesion together with an easy removal of bacteria cells,
enabling the superhydrophobic surface to be a new strategy in
the antibacterial design. The reduced bacterial adhesion on
superhydrophobic surfaces was found to result from the
reduced protein adsorption and the entrapped air layer
between the bacteria cells and the surface. There are some
studies that have investigated the interaction of bacteria cells

RSC Adv., 2013, 3, 12003-12020 | 12015


https://doi.org/10.1039/c3ra40497h

Published on 04 April 2013. Downloaded on 12/6/2025 9:04:16 AM.

high density

View Article Online

55 ym

- ) f( l‘..
Jopad€nsity
somanostructures

’

ctures

ow adhesio

"‘(!'
Mty
!ﬁw}

Adhesion (nN)

Fig. 14 Pseudomonas aeruginosa adhesion on a Taro leaf under non-wet conditions in (a) and wet conditions in (b). SEM image of a Taro leaf (left in ¢) and the
corresponding adhesion force map (right in ¢). Reprinted with kind permission from J. Ma, Y. Sun, K. Gleichauf, J. Lou and Q. Li, Nanostructure on Taro leaves fouling
by colloids and bacteria under submerged conditions, Langmuir, 2011, 27, 10035-10040, Copyright (2011) American Chemical Society.

with superhydrophobic surfaces and speculated the possible
mechanism. However, the study of bacterial adhesion on
superhydrophobic surfaces is not yet sufficiently extensive and
systematic. The tested bacteria are rather limited, most
commonly with Staphylococcus aureus, Escherichia Coli and
Pseudomonas aeruginosa. As bacterial properties play signifi-
cant roles in the bacteria-material interaction, more bacteria
types should be characterized to identify the interaction
mechanism on superhydrophobic surfaces. The experimental
procedures in the cell adhesion test also differ considerably
with many variables (e.g. incubation time from 1 h to 24 h) and
thus make it very difficult to compare results to draw common
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conclusions. In addition to water contact angles, more
parameters e.g. surface roughness values, morphology, func-
tional group and free energy from the superhydrophobic
surfaces should be studied to see their effect on bacterial
adhesion. On the other hand, superhydrophobic surfaces are a
great concept to change surface properties but unfortunately
suffer from a weak durability due to its micro/nano surface
structures and fast degradation of surface chemistry. Although
initial progress has been reported, more efforts are required to
improve the durability of superhydrophobic surfaces.

Certain types of superhydrophobic surfaces have proved to
be effective in reducing the bacterial adhesion for up to 24 h.
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Over time bacteria cells will colonize on superhydrophobic
surfaces after the surfaces have become fully wet and the
entrapped air is excluded. However, there is one exciting study
existing on the naturally superhydrophobic Taro leaf showing
the leaf is still effective against bacteria even under wet
conditions. With a further development in the design of the
surface structures it may be possible to eliminate the adhesion
of bacteria on superhydrophobic surfaces even under wet
conditions. Efforts at developing hybrid antibacterial materials
by combining superhydrophobicity with antibacterial metals
or with photocatalysis have also been attempted. However, the
combination of superhydrophobicity, photocatalysis and anti-
bacterial metallic materials still require a much longer-term
development for success in antibacterial applications.
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