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Abstract

The effectsof five teaextracts (green, oolong, black, pu-erh and chrysanthemum) on
five oral bacterial strains (Streptococcus mutans ATCC 25175, Streptococcus mutans
ATCC 35668, Streptococcus salivarius ATCC 13419, Streptococcus mitis ATCC 49456
and Actinomyces naeslundii ATCC 51655) were investigated with respect to cell surface
properties (hydrophobicity, charge and auto-aggregation), attachment to, detachment
from and biofilm formation on three hard surfaces (glass, stainless steel and
hydroxyapatite). The effects of the teaextracts on the attachment of the oral strains to
cultured human gingival fibroblasts were also determined. The influences of saliva and
sucrose onthe cell surface properties, attachment and biofilm formation of the bacterial
strains were examined. The mechanism of the inhibition of attachment and biofilm
formation by teawas studied. The extended Derjaguin-Landau-\erwey-Overbeek
(XDLVO) theorywas used to calculate the energy of interactions in the attachment
systems and to predict attachment. A new mathematical approach consisting of an
empirical model and a probability distribution model was developed to study the

predictability and stochasticity of bacterial attachment.

The results indicated that the tea extracts and tea compounds could alter cell surface
properties of the strains. Oolong tea extract was found to inhibit the attachment of all
strains to the hard surface most effectively by 0.2 to 2.2 log CFU/cm? while pu-erhtea
extract was found to inhibit the biofilm formation by the Streptococcal strains onall
surfaces most effectively by 0.5 to 2.6 log CFU/cm?. The mechanism of the inhibitory
effectsof oolong teaand pu-erhtea on the attachment and biofilm formation by
Streptococcus mutans was found to be the coating of cell surfaces by teacomponents
including flavonoids, tannins and indolic compounds. Pu-erhteaand chrysanthemum
tea extracts were found to remarkably inhibit the attachment of the Streptococcal strains
to cultured human gingival fibroblasts by up to 4 log CFU/well. Saliva as a suspending
fluid was found to reduce the attachment of the Streptococcal strains to hydroxyapatite

by 1.4 to 1.7 log CFU/cm?. Sucrose was found to affect cell surface properties and the



attachment of the strains (either increase or decrease) and enhance biofilm formation by

four strains onall surfaces by 0.4 to 1 log CFU/cm®.

Positive correlations were found between cell surface hydrophobicity of the
Streptococcal strains and their attachment to all surfaces with R?s ranging from 0.37 to
0.91. The XDLVO theory indicated that hydrogen bonding energy dominated the overall
interactionenergy inall cases. This suggests that the coating by tea components blocked
the hydrogen bonding sites onthe cell surfaces, which reduced cell surface

hydrophobicity and in turn inhibited attachment.

XDLVO failedto predict the experimental results of the attachment assays while the
new modeling approach could however effectively predict in both deterministic and
probabilistic ways. The empirical model (R°=0.814) revealed that hydrophobic
interaction is the most important parameter in a bacterial attachment system and
established a range for each cell/substratum properties within which the resultant

attachment is stochastic and unpredictable.

Keywords

Bacterial attachment, biofilm, oral bacteria, tea, cell surface hydrophobicity, XDLVO,

mathematical modeling, probability distribution.
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1.1 Introduction

The attachment of oral bacteriato dental surfaces is the first step in the formation of
dental caries and other oral diseases (Kaufmanand Kleinberg, 1973). Attachment
initiates biofilm formation by oral bacteria on dental surfaces, dental plaque formation
and eventually causes tooth decay and compromises oral health (Kaufman and

Kleinberg, 1973; Hamilton-Miller, 2001).

Tea isa popular drink generally recognized to be of benefit to oral healthwith respect to
its ability to kill oral bacteria (Yoshino et al., 1996; Rasheed and Haider, 1998;
Hamilton-Miller, 2001). Tea has also been suggested to be a potential inhibitor of
attachment to surfaces of oral bacteria (Hamilton-Miller, 2001) but research inthis area

is limited.

In addition to oral health, bacterial attachment to surfaces is of concernin many other
spheres associated with human activities and health (Goulter et al., 2009). Studying the
mechanisms of bacterial attachment to surfaces is therefore crucial for controlling it and
improving health. The mechanisms of bacterial attachment to surfaces in general have
been widely studied but are not well understood due to their complexity (Warning and
Datta, 2013). As a result bacterial attachment is difficult to be effectively predicted (Bos
etal., 1999). Inaddition, based on our current understanding of the mechanisms of
attachment it is not clear what role stochasticicty plays in this process (Nguyenetal.,

2011a).

1.2 Oral bacteria and dental caries

Dental caries are one of the most common chronic infectious oral diseases in the world
(Aas etal., 2008). Epidemiological studies of virulence factors for dental caries have

focused onthe behavior of oral bacteriain the oral cavity (Kolenbrander and London,
4
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1993). Three etiological hypothesis are usually used to explain dental caries: 1. The
specific plague hypothesis, which suggests that only a few specific species of bacteria
(mainly Streptococcus) are actively involved in dental caries (Loesche, 1992); 2. The
non-specific plague hypothesis which claims that the entire plaque micro-floraare
responsible for caries (Theilade, 1986); and 3. The ecological plaque hypothesis which
proposes that caries are a result of ashift in the balance of the resident microbiota

driven by changes in local environmental conditions (Marsh, 1994).

Although the etiology is arguable several a-hemolytic mutans and non-mutans groups of
oral Streptococci (e.g. Streptococcus mutans, Streptococcus salivarius and
Streptococcus mitis), as well as other primary colonizers of tooth surfaces (such as
Actinomyces naeslundii), have been implicated as the primary and major agents that are
responsible to dental caries (Hamilton-Miller,2001). They produce glycosyltrasferase
(GTF) that hydrolyzes sucrose to glucose and fructose and polymerize glucose into an
adherent water-insoluble polymer glucan. Glucan builds up dental plaque that acts as a
matrix housing over 300 types of microorganisms. These microorganisms are low-pH
tolerant and can ferment carbohydrate generating acids that demineralize tooth enamel,
eventually causing caries. Fructose can also be used by oral bacteria causing an
accumulation of lactic acid around the enamel surface and eventually resulting in

demineralization and tooth decay (Kaufman and Kleinberg, 1973).

The pathogenesis of dental caries may therefore involve three processes: 1. Attachment
of oral bacteriato elements of the oral cavity, such as the enamel, tongue, saliva or gum;
2. Formation and accumulation of dental plaque due to the synthesis of glucan by GTF;
and 3. Biofilm formation by oral bacteriathat are able to metabolize carbohydrates at a
low pH and demineralize enamel (Kaufman and Kleinberg, 1973; Kolenbrander and

London, 1993; Hamilton-Miller, 2001).
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1.3 Tea (Camellia sinensis)

Natural products are extensively used by humans in many biological systems due to
their wide array of bioactivities. Teais generally agreed to have arange of bioactivities
in both microbiological and cell biology systems (Baer and Chen, 2005) and is
suggested to benefit human health with respect to avariety of diseases such as heart

disease, bone disease, obesity and oral diseases (Hara, 2001).

Tea is the second most popular drink in the world (after water) and is grown in
approximately 30 countries but is consumed worldwide and particularly in China, Japan,
India and the UK. It is produced from the processed leaves of Camelliasinensis by
fermentation and into different products including green tea (non-fermented), oolong tea
(partially fermented), black tea (fully fermented) and pu-erh tea (post-fermented)
(Petersonetal., 2005). The so-called fermentation s in fact an enzymatic conversion of
tea polyphenols (mainly epicatechins) from monomersto oligomers (theaflavins) or
polymers (thearubigins) by leaf enzymes (e.g. polyphenoloxidase and peroxidase)

(Engelhardt, 2010).

Tea contains a variety of chemical compounds including vitamins, minerals, caffeine,
amino acids and phenolic compounds (Engelhardt, 2010). Epigallocatechin gallate
(EGCq), for example, is generally recognized as the ‘signature’ compound of tea
flavonoids as it constitutes approximately 10% of the dry weight of greentea (Peterson
etal., 2005). Itis established that EGCg has strong activities ina wide variety of in vitro
and in vivo biological systems (Friedman, 2007). This compound has therefore been
suggested to be a major source of bioactivities of tea (Friedman, 2007). Another
phenolic compound, gallic acid, is an important precursor of many tea flavonoids, a
blood metabolite of teacomponents and makes up approximately 0.5% dry weight of
black tea (Cabreraetal., 2003). Gallic acid has also been reported to possess arange of
bioactivities, such as its antimicrobial activity against Campylobacter and Salmonella

strains (Friedmanetal., 2003; Nohynek et al., 2006).
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1.4 Tea and dental health

Many in vitro studies have indicated that tea exhibits strong beneficial effects onoral
health. Its beneficial effects inthe mouth encompass anti-cariogenic activities (Otake et
al., 1991) including direct bactericidal effects against oral bacteria (Rasheed and Haider,
1998), inhibition of bacterial adhesion to tooth surfaces (Ferrazzano et al., 2011),
inhibition of glycosyltransferase activity and the associated biosynthesis of dental
plague (Hada et al., 1989) and inhibition of human and bacterial amylase activity which
limits available sugar (Zhang and Kashket, 2000). These beneficial effects have been
investigated using animal studies (Ooshimaet al., 2000) but have rarely been
investigated in human clinical trials (Hamilton-Miller,2001). A limited number of
studies have been conducted onthe bacterial attachment inhibitory effects of tea (Otake
etal., 1991; Matsumoto et al., 1999) but the mechanism behind this inhibitory effect has

yet to be investigated.

1.5 Bacterial attachment

Bacterial attachment to a surface is the initial step in microbial colonization and
biofouling (Bos etal., 1999). It directly or indirectly results in the formation of biofilms
and is of concernin many areas including medicine (Goulter etal., 2009), food (Rivas
etal., 2007; Warning and Datta, 2013) and engineering (Li and Logan, 2004).
Understanding the mechanisms of bacterial attachment, and controlling and minimizing
itis therefore important. The mechanical process of attachment has been extensively

studied but is still not well understood (Goulter et al., 2009; Warning and Datta, 2013).

Bacterial attachment can be affected by physicochemical factors and interactions within
the systems as well as by biological factors associated with bacterial cells (Bos et al.,

1999; Goulter et al., 2009). Research on bacterial attachment has focused on the
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physicochemical aspect of the process, such as thermodynamic and electrostatic
interactions (van Oss, 1989; Hermansson, 1999). Mechanistic models have been
developed based on these interactions and have beenused in an attempt to explain the
physical process of bacterial attachment (Hermansson, 1999). Due to the complexity of
bacterial attachment and the limitations of those models, however, they often do not

give robust explanations to the processes involved (Warning and Datta, 2013).

Dewvelopment of mechanistic models strongly relies on an understanding of the
interactions involved in attachment and the methodologies used to study these (Bos et
al., 1999). Existing methodologies are diverse and well developed but are not
standardized and oftenfail to control for many factors that have a significant influence.
These methodologiestherefore fail to eliminate the effect of interference and noise

(Dillonetal., 1986; Wilsonetal.,2001; Goulter etal.,2009).

Control strategies for bacterial attachment have been developed based onstudies of
attachment interactions and on also on the mechanistic models derived from these (Hori
and Matsumoto, 2010). Anumber of methods used to control bacterial attachment are
successful in minimizing biofouling. The limitations of these methods include, for
example, effects which are bacterial species/strain-dependent and easily compromised

by environmental factors (Hori and Matsumoto, 2010).

In this review the specific physicochemical interactions and factors in bacterial
attachment systems are outlined, the value of the generally recognized mechanistic
models are discussed, frequently used methods to study bacterial attachment
interactions are compared and attachment control strategies are summarized. This
review describes, using examples, the issues in studying bacterial attachment using
existing methods, the difficulties in developing mechanistic models to predict bacterial
attachment based on these methods and the challenges in developing strategies to

control bacterial attachment based on the mechanisms of bacterial attachment as
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currently understood.

1.6 Specific interactions and factors affecting bacterial attachment

Interactions and factors involved in bacterial attachment systems are diverse and
complex. In this section, the impacts of hydrophobic interaction, electrostatic interaction
and substratum surface roughness on attachment of bacteriato abiotic surfaces are

discussed and summarized (Figure 1.1).

Hydrogen bonds

Ligand receptors

Thermodynamics
(hydrophobic interaction)
4

Long range interactions:
+ Electrostatic
+ van der Waals

Short range interaction:
+ Lewis acid-base

/ Surface roughness
- + + - + +v -/

Figure 1.1 Physicochemical interactions/factors in systems of bacterial attachment to

abiotic surfaces.

1.6.1 Hydrophobic interactions

Hydrophobic interactions that mediate thermodynamic forces occur between bacterial

cells, substratum surfaces and the liquid suspension medium (van Oss, 1989). These

Hydrophobic

interactions (AG ) consist of long range Lifshitz-van der Waals (LW) forces

(AG"") and short range Lewis Acid-base forces (AB) the latter of which is specifically
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dominated by hydrogen bonding (AG"®) (Figure 1.1). These interactions and can be

calculated according to Bos et al. (1999):

AG Hydrophobic _ 4~ LW | 4 AB _ Voo — Vo — V4 = _2(\/7tl’_w _\/yILW X\/ySLW _\/yILW )

v 2rs N e s =W = Wow = -G = W =)

(1.1)
where y"V is the LW component of surface tension, y+ is the electron acceptor
parameter and y- is the electron donor parameter of AB component of the surface
tension. The subscript b, s and | refer to bacteria, hard surface and liquid medium,

respectively.

On the surface of a bacterial cell there are anumber of ligand receptor sites (e.g. ~12 for
Escherichia coli and ~60 for Streptococcus), on each of which multiple hydrogen bonds
can form with the substratum surface (Chenetal., 2011) (Figure 1.1). In many cases the
energy of a single short range bond is comparable or even higher than the total long

range forces (Chenetal., 2011). The overall interaction ina bacterial attachment system

is therefore often dominated by the short range hydrogen bonding energy.

Hydrophobic interactions can be affected by bacterial cell surface hydrophobicity
[which is a result of the presence of residues and structures on the cell surfaces (van der
Meietal., 1991)], substratum surface hydrophobicity [which is a result of the chemical
composition of the material and affected by the surface roughness (Quirynenetal.,
1990)], and the surface tension of the liquid medium (van Oss et al., 1986). Some
studies investigating the relationship between cell surface hydrophobicity and bacterial
attachment to surfaces have found positive correlations between them (Zitaand
Hermansson, 1997; Rad etal., 1998; Liu etal., 2004; Norhanaetal., 2009; Hui and
Dykes, 2012). Investigations of the correlation between substratum surface
hydrophobicity and bacterial attachment have also shown positive correlations (Li and

Logan, 2004; Boks et al., 2008; Salerno et al., 2009). Many other authors, howe\er,

10



Chapter 1 Literature Review

have found a lack of correlation between bacterial/substratum hydrophobicity and
attachment (Li and McLandsborough, 1999; Hassan and Frank, 2004; Li and Logan,
2004;Rivas etal., 2007). Apossible reason for the apparent lack of correlation between
cell/substratum surface hydrophobicity and attachment could be that the bacterial model
used in many of these studies was Eschericia coli whichis regarded as highly
hydrophilic (Li and Mclandsborough, 1999; Rivas et al., 2005). The impact of
hydrophobic interactions on attachment in the system may therefore have been too weak
to be observed. An alternative reason could be that the difference in hydrophobicity
between the bacteria or between the substratum surfaces used in these studies were
small, and therefore did not result insignificantly different numbers of bacteria
attaching. We suggest that the bacteria or substratum models used to study the impact of
hydrophobic interactions on bacterial attachment should use systems with larger
differences in hydrophobicity. This should in turn result insignificantly different and
measurable numbers of bacteriaattaching. In addition, the range of hydrophobicities
within which attachment cannot be differentiated should be determined in future studies
in order to gain a fundamental understanding of the impact of hydrophobic interactions

in these systems.

1.6.2 Electrostatic interactions

Electrostatic (EL) interactions are along range force between bacterial cellsand the
substratum surface (Chenet al., 2011) (Figure 1.1). These interactions can be affected
by cell surface charge (&) [which is dependent on the presence of an excess of carboxyl
and phosphate groups located on the cell surfaces (Goulter et al., 2009)], substratum
surface charge (&s) [which is dependent on the physicochemical nature of the material
(Li and Logan, 2004)], and the ionic strength of the liquid medium (Bos et al., 1999).
Electrostatic interaction energies (AG"") over the separation distance (1) between
bacterial cells and the substratum surface can be calculated as described by Bos et al.

(1999):

11
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EL _ 2 2 Zégbgs 1+6Xp(—ld) _ _
AGE = ze,er(£7 + & >{§b2+§j In[J—exp(—zd)}Lln[z exp( sz)]} (1.2)

where gy denotes the dielectric permittivity of vacuum and & denotes the relative
permittivity of the liquid medium, r is the radius of the cells and « is the inverse Debye

layer thickness (which is directly proportional to the ionic strength of the medium).

Studies on the relationship between electrostatic interactions and bacterial attachment
have shown both positive correlation and an absence correlation. Ukuku and Fett (2002)
and Norhana et al. (2009), for example, found a positive correlation between the surface
charge of a variety of food-borne pathogens and the their ability to attach to food
contact surfaces. Inthe majority of studies investigating the role of charge in bacterial
attachment, howewver, no correlation was found. For example, Rivas etal. (2007) found
no correlation between surface charge of Escherichiacoli strains and their attachment to
stainless steel, while Boks et al. (2008) found no correlation between surface charge of
six different bacteriaand their attachment to dimethyldichlorosliane coated glass. Li and
Logan (2004) and Salerno et al. (2004) also found no correlation between cell
substratum surface charge and bacterial attachment, but they found a positive
correlation between the ionic strength of the liquid medium and attachment. This
suggests that electrostatic mediated attachment is more strongly attributable to the
length of the electrostatic double layer rather than the intensity of the charge.

The reasonthat the role of electrostatic interaction in bacterial attachment has often
been found to not be significant may be that bacterial cells are generally considered to
be hard spherical particles whose surface electric potential is often approximated by the
zeta potential [the potential located at the electrokinetic plane of shear (de Kerchove and
Elimelech, 2004)]. This approximation is, however, accurate as bacterial cells carry a
charged ion-permeable polymer layer onthe cell surfaces which interferes with the
electrostatic and electrokinetic interactions of bacterial cells (Ohshimaand Kondo,
1991). These polymer layers consist mainly of lipopolysaccharides, proteins and cell

surface appendages (e.g. pili and fimbriae) (Madigan etal., 2003). Ohshimaand Kondo

12
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(1989) developed the Soft Particle Theory to calculate the surface electrostaticsand
electrokinetics of particles taking into account the presence of the ion-permeable layer.
This theory has been used in an attempt to explain bacterial attachment but has failed in
many cases. Poortingaet al. (2001) found that the attachment of Streptococcus
salivarius and Staphylococcus epidermidis to glass was not dependent on the softness of
bacterial cells, while de Kerchove and Elimelech (2005) found that the Soft Particle
Theory could not explain the attachment of Escherichia coli strains to silica beads. The
reason that the Soft Particle Theory fails to explain bacterial attachment in many cases
may be that the cell surface softness parameters derived from the theory do not reflect
the cell surface structure or morphology. In addition, the accuracy of the quantification
of cell surface charge by the theory is highly dependent onthe thickness of the
ion-permeable layer as it is usually more accurate for cellswith thick layers (Rodriguez

etal., 2007).

Arguments with respect to the significance of electrostatic interactions in bacterial
attachment have been raised (Kang and Choi, 2005; Goulter et al., 2009; Salerno et al.,
2009; Warning and Datta, 2013) and some authors suggest its importance may be
overrated (Poortingaetal., 2002). In addition, the influence of electrostatic interactions
may only be significant when other interactions are relatively weak with, for example,
electrostatic interactions having a greater contribution to attachment in systems

containing hydrophilic but highly charged bacteria.

1.6.3 Substratum surface roughness

Surface roughness is a two-dimensional parameter of asubstratum surface (Tang etal.,
2007) and has beensuggestedto play a role inbacterial attachment (Quirynenet al.,
1990; Medilanski et al., 2002; Tang et al., 2006; Wang et al., 2009; Gouter et al., 2011)
(Figure 1.1). Czarnecki and Warszynski (1987) and Bhattacharjee et al. (1998)
suggested that surface roughness significantly affects the surface interaction energy

between a particle and a substratum surface, particularly at short separation distances.
13
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The influence of surface roughness on bacterial attachment is still not clear (Tang et al.,
2007). Some authors suggested that bacterial attachment is directly correlated with
surface roughness. For example, Quirynen et al. (1993) found that oral bacteriatended
to attach to rougher titanium surfaces. McAllister et al. (1993) reported that Escherichia
coli attached better to rougher plastic surfaces. Bames et al. (1999) found that
Staphylococcus aureus attached in lower numbers to smoother stainless steel. Faille et al.
(2002) found a positive correlation between the roughness of inert surfaces and the
attachment of Escherichia coli strains to those surfaces. Wang et al. (2002) reported a
positive linear correlation between the roughness of fruit and metal surfaces, and the
attachment of Escherichia coli O157:H7 strains. By contrast Goulter et al. (2011)
reported that Escherichia coli strains attached better to smoother stainless steel surfaces.
Still other authors suggest that roughness does not influence attachment. For example,
An etal. (1995) found that surface roughness did not affect the attachment of
Staphylococci to titanium surfaces. Oliveriaet al. (2006) reported that the attachment of
Salmonella Enteritidis was surface roughness-independent. Ortegaetal. (2010) found
no correlation between surface roughness and the attachment of Escherichia coli strains
to stainless steel. Importantly, Medilanski et al. (2002) and \erran et al. (2010) reported
an optimum roughness value for bacterial attachment exists belowor above which the
number of attached bacteriadropped proportionally. It is therefore necessary to include
a larger range of roughness values in studies investigating the role of surface roughness
in bacterial attachment. Medilanski et al. (2002) and \erran et al. (2010) also suggested
that the optimum roughness value is dependent on the topographical feature of the hard
surface and is determined by the shape and size of attaching bacterial cells. This
suggests that the interactions between hard surface topography and cell morphology
also play arole in attachment. In addition, roughness may also affect other substratum
surface properties that influence bacterial attachment. For instance, roughness increases
the effectof surface tension and affects surface hydrophobicity (Quirynenetal., 1990).
The studies described above indicate that the contribution of roughness to attachment

could be a complex processthe role of whichis not easily resolved.
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1.7 Mechanistic models to explain the physicochemical process of

bacterial attachment

1.7.1 Thermodynamic model

Mechanistic models based on physicochemical interactions in bacterial/substrate
systems have beenused in an attempt to explain the attachment process (Warning and
Datta, 2013) (Table 1.1). The thermodynamic model, for example, has been used to
predict the potential of bacterial attachment to a solid surface. It uses the free energy in
the system as an indicator of the potential of attachment (i.e. a decreased
thermodynamic energy indicates that the attachment process is favored in the system)
(Absolometal., 1983). The free energy consists of LW and AB interactionenergies and
therefore represents the hydrophobic interaction energy [see Equation (1.1) above] (van
Ossetal., 1986). This model assumes that attachment processes are irreversible, which
is usually not the case (Hori and Matsumoto, 2010). Absolom et al. (1983) reported that
the thermodynamic model could predict the attachment of a range of bacteriato
different abiotic polymeric surfaces. Inmany other cases, however, the model could not
fully explain or failed to explain the process of attachment (Simdes et al., 2007;

Warning and Datta, 2013).

1.7.2 Derjaguin-Landau-Verwey-Overbeek model

Another mechanistic model that is often used to predict bacterial attachment is the
Derjaguin-Landau-\erwey-Overbeek (DLVO) model, which calculates the overall
interaction energy using LW and EL interaction energiesas a function of the separation
distance between a bacterial cell and the substratum surface. The total interaction energy

Is given by van Oss (1989) as:

AGPY = AG™Y + AGH (1.3)
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In this model, bacterial attachment is described as a two-step process including a
reversible physical stepand an irreversible cellular/molecular step depending on
separation distance (An and Friedman, 1998). Based on the above parameters the DLVO
energy profile is usually plotted over distance and displays two energy minima and an
energy barrier (Hermansson, 1999). Marshall et al. (1971) were the first to use the
DLVO model to describe bacterial attachment. They found that the DLVO theory could
explain the differences inattachment of marine bacteriato glass surfaces resulting from
different ionic strengths of the liquid medium. It has, however, been repeatedly
demonstrated that the DLVO theory is not able to universally predict bacterial
attachment (Hermansson, 1999). For example, it could not fully explain the attachment
of 12 different bacterial species to glass and Teflon (Rijnaarts et al., 1995) or the
attachment of Pseudomonas spp. to surfaces ina sand column (Simoni etal., 1998). In
both these cases the authors assumed that hydrogen bonding between bacterial cell

surfaces and the substratum played a role in the attachment process.

1.7.3 Extended Derjaguin-Landau-Verwey-Overbeek model

Van Oss developed the extended DLVVO model (XDLVO) which takes hydrogen
bonding energy (AB) and osmotic interaction (as a function of separation distance) into
account (van Oss, 1989; van Oss, 1993). Since osmotic interaction energy is too lowto

be considered of consequence, the total XDLVO attachment energy is expressed as:

AG™Y = AG™Y + AGH + 4G (1.4)

which is equivalent to Equation (1.1) + Equation (1.2).

Jucker etal. (1996) found that the attachment of Stenotrophomonas maltophilato glass,
which was predicted by the classical DLVO model to attach in higher numbers as
compared to Pseudomonas putida, exhibited the same ability to attach to this substrate

as Pseudomonas putida. This difference was due to the contribution of AB interaction
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and was explainable by the XDLVO model (Jucker etal.,1997). In many other cases,
however, the XDLVO theory has failed to fully predict bacterial attachment. For
example, the model could not predict the attachment of Pseudomonas aeruginosa
strains to poly(ethylene oxide) brushes (Roosjenet al., 2006). Chiaetal. (2011)
investigated the predictability of the attachment of different Salmonella enterica
serotypes to four abiotic surfaces by the XDLVO model. They reported that the model
could only predict attachment in a limited number of combinations of bacteriaand hard
surfaces studied, but not all of them. Nguyen et al. (2011a) studied the attachment of
Campylobacter jejuni strains and various Salmonella serotypesto stainless steel and
used XDLVO model to predict their attachment. These authors found that the model

could explain the attachment of Campylobacter jejuni but not Salmonella.

Although the XDLVO model cannot explain bacterial attachment in all cases, it has
highlight the importance of hydrogen bonding in the process. The interaction energy of
hydrogen bonding is usually higher than that of LW and EL interactions by a number of
orders of magnitude (Roosjenetal.,2006; Chenetal., 2011; Nguyen etal., 2011a). This
results inan extremely deep energy minimum without an energy barrier (Hermansson,

1999; Chiaetal., 2011; Nguyen etal., 2011a).

A number of reasons can be forwarded as to why these mechanistic models cannot
effectively explain bacterial attachment. In addition to the obvious fact that attachment
processes are not purely physical, all these models assume perfectly smoothand
uniform surfaces (Hermansson, 1999; Salerno et al., 2009) which in reality do not exist.
In addition these models are strongly deterministic and do not take biological variability
into account. Chen et al. (2011) attempted to use a Poisson distribution model to predict
the probability of the formation of each hydrogen bond betweena cell surface and a
substratum, and the probability of a given number of hydrogen bonds forming between
the same cell surface and a substratum. These authors demonstrated that the hydrogen

bonding force distribution derived from a Poisson analysis can deterministically and
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probabilistically interpret the AB interactions from the thermodynamic and the XDLVO
models. This study indicated that using a probability distribution may be an effective
way to take noise into consideration and to probabilistically explain bacterial attachment.
Future development of mechanistic models for bacterial attachment should take surface
roughness into account and consider the biological variability by using probability

distribution models.
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Table 1.1 Mechanistic models used to explain the physicochemical process of bacterial attachment.

Notes

Mechanistic models Equations References
Thermodynamic total _ » ~LW AB
model AG™ =AG + AG (Absolom et al., 1983)
DLVO model AGP-Y° = AG™W + AGFH (An and Friedman, 1998)
AGXDLVO — AGLW + AGEL +
XDLVO model AGRB (van Oss, 1989)

The free energy comprises both LW and AB interaction
energies and therefore represents the hydrophobic
interaction energy of the system. The model does not take
EL interactioninto account.

Bacterial attachment is considered as a two-Step process
depending on separation distance. The energy profile
displays two energy minima and an energy barrier. The
model does not take AB interaction into account.

This model takes AB interactions into account in addition to
the other interactions in the DLVVO model and highlights the
importance of hydrogen bonding.

DLVO: Derjaguin-Landau-\erwey-Owverbeek; XDLVO: extended Derjaguin-Landau-\erwey-Overbeek; LW: Lifshitz-van der Waals interactions;

EL: electrostatic interactions; AB: Lewis acid-base interactions.
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1.8 Methods to study bacterial attachment and interactions in a system

Various methods to measure bacterial attachment and cell/substratum surface properties
have been dewveloped and used. These methods measure the propertiesdirectly or
indirectly and often measure bulk properties (population behavior) rather than the
interactions of individual units within population. Common methods to study bacterial

attachment are critically compared belowand are summarizedin Table 1.2.

1.8.1 Bacterial cell surface hydrophobicity

Bacterial cell surface hydrophobicity is an important parameter in bacterial attachment
to surfaces. There is, however, no direct measurement for cell surface hydrophobicity
available (van der Meietal., 1987). The existing methods can only measure the
interaction between cells and a hydrophobic/hydrophilic material as an index of

hydrophobicity.

A common method for hydrophobicity measurement is the Bacterial Attachment to
Hydrocarbon (BATH) method developed by Rosenberget al. (1980). It determines the
percentage of bacterial cells inan agueous suspension migrating to a hydrophobic
hydrocarbon phase spectrophotometrically. Using this method discrepancies can result if
different types and volumes of hydrocarbon are used (Dillonetal., 1986), but the
accuracy of the method can be improved by using three hydrocarbons each over a range

of volumes (Rosenbergetal., 1983).

Contact angle measurement (CAM) is the technique most often used to determine the
surface tension energy of bacterial cells for mechanistic models (Busscher etal., 1984;
Chiaetal., 2011; Nguyen et al., 2011Db). It measures the contact angle of a sessile drop
of water deposited ona lawn of bacterial cells. Hydrophobicity determinations using

this method are highly dependent on the wetness of the bacterial lawn and are therefore
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often highly variable (Nguyen et al., 2011a).

Hydrophobic interaction chromatography (HIC) is another technique to determine cell
surface hydrophobicity by spectrophotometrically measuring the percentage of bacterial
cells remaining in a hydrophobic column (Clark et al., 1985). This method is generally
less reproducible than the other methods since asmall hydrophobic fraction onthe cell
surface can result ina high affinity of the cells for the column (Dillonetal., 1986). This
means that a small number of hydrophobic residues onthe cell surface canresultina

high hydrophobicity value.

Another approach used to determine hydrophobicity is the salting-out aggregation test
(SAT) which determines the lowest salt concentration that can cause a visible
aggregation of bacterial cells (Lindahl et al., 1981). Cellular aggregation can, however,
be affected by cell surface charge (van der Mei etal., 1987) and cell concentration

(Dillonetal., 1986).

The different methods described above define hydrophobicity in different ways and
reliance on the results obtained from one method is inadequate (Dillonetal., 1986).
Mozes and Rouxhet (1986) suggested that results obtained from acombination of

different methods are more accurate.

1.8.2 Bacterial cell surface charge

The electrostatic charge density ona bacterial cell surface is usually expressed as zeta
potential, which is defined as the difference between the electric potential of the cell
surface double layer and the dispersion medium. Zeta potential of relatively small
particles, such as bacterial cells, cannot be directly measured (Lytle etal., 1999) and it is

therefore necessary to employ indirect means.

Microelectrophoresis is the most common method to determine bacterial cell surface
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charge (Wilsonetal., 2001). This method measures the velocity of the movement of
bacterial cells inan electric field and this can be conwerted into a zeta potential value
(van der Mei etal., 1997). The electric mobility of bacterial cells can be affected by

temperature, pH and the ionic strength of the liquid medium. The drawback of this

method is that it is usually time consuming (Pedersen, 1981).

Electrostatic interaction chromatography is another technique for cell surface charge
measurement. It measures the retention time of bacterial cells in an ion-exchange resin
column (Pedersen, 1981). It generates reproducible results but does not give direct or

indirect measurements of zeta potential.

Agqueous two-phase partitioning is a less common method employed to determine
bacterial cell surface charge. It uses a polyethylene glycol-dextran two phase system
and allows cells to preferentially partition into either the more hydrophobic
polyethylene glycol phase or the less hydrophobic dextran phase depending on their
surface polarity, which is influenced by cell surface charge (Liang etal., 1993). The
results yielded by his method are highly dependent on cell surface hydrophobicity and

like electrostatic interaction chromatography cannot be converted into zeta potential.

Isoelectric equilibrium analysis was modified by Sherbet et al. (1972) for bacterial
surface charge measurements. It determines the migration of bacterial cells over apH
gradient to their isoelectric positions. This method can generate zeta potential values but

Is extremely time consuming (Wilsonetal.,2001).

Electrophoretic light scattering is arelatively new technique that utilizes the same basic
principles as microelectrophoresis, but with a modified measurement method. It directly
measures the movement of bacterial cells inan electric field by determining the
frequency of change of the laser light they scatter and thereby gives the zeta potential

values (Blake et al., 1994). This method has been shown to be an easy and rapid way to
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measure cell surface charge (Blake etal., 1994; Morrisetal., 1995; Liand

McLandsborough, 1999).

The most commonly used technique nowadays is microelectrophoresis or its modified
form of electrophoretic light scattering. Many laboratory instruments have been

dewveloped for this technique to reduce the time for experiments (Wilsonetal., 2001).

1.8.3 Hard surface hydrophobicity

The most common method used to determine hard surface hydrophobicity is water
contact angle measurements (Bos etal., 1999; Chiaetal., 2011; Nguyenetal., 2011a).
The results of this method can be used to calculate surface tension using Young’s
equation and it is the standard method for input into mechanistic models (Bosetal.,

1999).

Ducker and Senden (1992) used atomic force microscopy (AFM) to measure the surface
forces between colloidal particles and hard surfaces at a nanoscopic scale which were
determined to represent hydrophobicity. In this method, an AFM cantilever is coated
with standard colloidal particles before tapping on a sample surface. The force between
the standard colloidal particles and the sample surface is measured as a function of the

displacement of the cantilever. This method is, however, expensive and time consuming.

1.8.4 Hard surface charge

Hard surface charge is generally represented by zeta potential and is an important
parameter to establish with respect to electrostatic interactions between bacteriaand

surfaces.

The electrostatic fieldmeter method is a traditional technique used to measure hard

surface charge. This method uses an electrostatic probe to measure the voltage induced
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by surface charge (Faircloth and Allen, 2003). Results obtained using this technique are
dependent on the distance between the probe and the surface, and can be influenced by

discharge between the probe and the surface (Seaver, 1995).

Another technique used to determine hard surface charge is the electrostatic voltmeter
method. This method determines the voltage on a surface with the aid of a voltage
amplifier which nullifies the electric field. This technique can overcome the influence of
discharge and also the distance between the surface and the probe (Smithand Rungis,

1975).

Hard surface charge can also be measured using electrophoretic mobility (Ballona and
Drewes, 2005). This method determines the mobility of reference colloidal particles in
an electrolyte solution under an electric field generated by hard surface charge which is

then conwverted into hard surface zeta potential.

Streaming potential measurement is also widely used to measure hard surface change. It
determines the potential induced when an electrolyte solution flows across a stationary

and charged surface (Childress and Elimelech, 1996).

In addition to the methods listed above, zeta potential can also be determined by other
electrokinetic measurements such as sedimentation potential and electro-osmosis assays
(Childress and Elimelech, 1996). Many laboratory instruments measuring hard surface

charge have been developed based on these techniques.

1.8.5 Hard surface roughness

Surface roughness can be measured using a Perthometer or an AFM (Quirynenet al.,
1990; Goulter et al., 2011). These instruments measure the average displacement of a
cantilever mapping the surface (Goulter etal., 2011). Authors such as Medilanski et al.

(2002) have also optically measured the average of the deviation in depth/height and
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width of scratches ona surface from adigitized scanning electron micrograph obtained

by an AFM to measure roughness.

1.8.6 Quantification of bacterial attachment

Quantification of bacterial attachment to a hard surface can be achieved in various ways.
The measurements can be at a population level or at an individual cell level (Warning
and Datta, 2013). It is still unclear whether the results of experiments conducted at the
two different levels are similar. If they are it is reasonable to assume that bacterial
attachment is not a random process as the population behavior can be reflected inthe
individual behavior. In this case bacterial attachment is non-stochastic and is therefore
predictable by mechanistic models. Combining the two levels of measurement may give

a more accurate measurement and a better understanding for bacterial attachment.

Quantification of bacterial attachment to slides of different materials is a frequently
used method to determine attachment at a population level. In these methods, a slide of
the substratum material is immersed in a bacterial suspension, with or without shaking,
to allow attachment. Attached cells are enumerated by direct microscopic observation
(Clark and Gibbons, 1977; Absolometal., 1983; Hood and Zottola, 1997; Wanget al.,
2013a) or by spread plating after detachment of the cells from the surface by
stomaching or sonication (Morraetal., 1996; Faille et al., 2002; Cassat et al., 2007;

Chiaetal., 2011;Wang etal., 2013b).

Beads of substratum material, as opposed to slides, are also commonly used. This
method is essentially the same as the slide methods but is distinguished by having a
larger substratum surface arearelative to the volume of the cell suspension. Inthe bead
methods cells attached to the beads are quantified indirectly using radioactive labeling
or spectrophotometry (Clarketal., 1978; Staat et al., 1980; Wassall et al., 1995;

Groessner-Schreiber etal., 2004).
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The flow chamber method and rotating disc method are also used to measure attachment
in flow systems at a population level (Abbott et al., 1983; Christerssonetal., 1987). In
flow systems, attachment occurs at a low substratum area to suspension ratio which
gives a constant cell density at maximum surface coverage (Bos etal., 1999). These
methods allow bacterial attachment to take place under carefully controlled
hydrodynamic and mass transport conditions (Busscher and van der Mei, 1995). An
example of such systems is a parallel plate flow chamber system (Christerssonetal.,
1987; Sjollemacetal., 1989), which is usually equipped with a microscope and allows in
situ observation and image analysis (Busscher etal., 1995; van Hoogmoedetal., 1997;
Muelleretal., 1992). By using a flow system, liquid-air interface passages are
effectively avoided (Busscher and van der Mei, 1995), conditioning films can be applied
to substratum surfaces (Busscher etal., 1992; Bradshaw et al., 1997) and antibiotics and
detergents can be introduced in the system (Bos et al., 1999). Flow chamber techniques
may therefore be considered as superior to static systems (Bosetal., 1999) and due to
the well controlled hydrodynamic forces produced by these systems, non-quantitative
statements such as “gentle rinsingto remowve loosely attached cells” (Morraetal., 1996;

Wang et al., 2013a) can be reduced by using them.

The use of AFM allows the measurement of bacterial attachment strength at a single cell
level. This method determines the attachment strength by measuring the shear force at
which an attached cell is detached (Fang et al., 2000). An AFM cantilever applies an
opposing lateral force to the cell while the surface carrying the cell moves up and down
(Warning and Datta, 2013). Aforce-distance curve of the variation of the interaction
force of the cell approaching the cantilever can be generated (Ducker and Senden, 1992;
Fang et al., 2000). Alternatively, attachment strength can be measured by determining
the interaction forces between a cantilever coated with bacterial cells and the substratum
surface (Ongetal., 1999; Lower etal., 2000). Inaddition to the ability of AFM to
measure bacterial attachment at an individual cell level, a major advantage that this

technique provides is that it can provide information on cell/substratum surface
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properties and interaction forces simultaneously (Katsikogianni and Missirlis, 2004).
The AFM approach is limited by the need to firmly fix the cells to a probe on a
cantilever using physicochemical treatments which may alter cell surface properties and
by the inability to take bacterial morphology into account (Katsikogianni and Missirlis,
2004).

Bacterial attachment and specific interactions in the above systems are usually under a
delicate balance and easily influenced by experimental conditions. These conditions are
oftennot under control in most of the experimental setups described abowve, resulting in
non-reproducible, uninterpretable and non-comparable results from different

laboratories.
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Table 1.2 Methods to study specific interactions and factors affecting bacterial attachment.

Specific

interactions Affecting parameters Methods to study the References Notes
parameters
(factors)
. Discrepancies canresult from
Bacterial attachment to o
hydrocarbon (BATH) (Rosenberg et al., 1980) using different types and
volumes of hydrocarbon.
Contact angle measurement Results are highly depengient on
. (Busscher et al., 1984) the wetness of the bacterial
Bacterial surface (CAM)
hydrophobicity lawn. . .
Hydrophobic Hydrophobic interaction A small hydrophobic fraction

interactions

Chromatography (HIC) (Clark et al., 1985)

Salting-out aggregation test (Lindahl et al., 1981)

on the cell surface canresultin
a high affinity.
Results can be affected by cell

(SAT) surface charge.
Contact angle measurement A standard method for the
Substratum surface (CAM) (Bosetal., 1999) mechanistic models.
hydrophobicity Atomic force microscopy (Ducker and Senden, 1992) ThIS method_ls expensive and
(AFM) time consuming.
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Table 1.2 (continued)

Bacterial
surface charge

Electrostatic
interactions

Microelectrophoresis
Electrostatic interaction
chromatography
Aqueous two-phase
partitioning
Isoelectric equilibrium

analysis

Electrophoretic light
scattering

(Wilson et al., 2001)

(Pedersen, 1981)

(Liang et al., 1993)

(Sherbet et al., 1972)

(Blake et al., 1994)

This method is time consuming

This method does not give direct or
indirect measurements of zeta
potential.

Results can be influenced by cell
surface hydrophobicity and cannot be
conwerted to zeta potential.

This method is time consuming.

This method was developed based on
the principles as microelectrophoresis
and has been shown to be an easy and
rapid approach.

Substratum
surface charge

Electrostatic fieldmeter

Electrostatic voltmeter

Electrophoretic mobility
Streaming potential

(Faircloth and Allen, 2003)

(Smith and Rungis, 1975)
(Ballona and Drewes, 2005)
(Childress and Elimelech, 1996)

Results can be affected by measuring
distance and discharges.

This method overcomes the influence
of measuring distance and discharges.
A commonly used method.

A commonly used method.

measurement
Perthometer (Quirynenetal., 1990) A commonly used method.
Substratum surface roughness Atomic fczzt:al\r/rll)lcroscopy (Goulter et al.,, 2011)) A commonly used method.
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1.9 Strategies to control bacterial attachment

Bacterial cells attach to almost all hard surfaces by a wide range of possible means.
They utilize any favorable interactions to approach surfaces in order to avoid a
“homeless” state and protect themselves by forming biofilms. In addition, cellsina
sessile condition express different phenotypes from planktonic cells and may resist
hostile environments (Hori and Matsumoto, 2010). For this reason it is often difficult to
prevent bacterial cells from attaching to a hard surface or to remove attached cells from
a surface without using antimicrobial agents. Effective control of bacterial attachment

has been reported by many authors and some of these studies are described below.

1.9.1 Treatment of substratum surfaces: chemical approaches

Bacterial attachment to a surface relies on specific interactions between cells and the
substrate which are directly influenced by the corresponding cell and substrate surface
properties. Chemical or physical treatment of substratum surfaces to modify the surface
properties could significantly reduce the potential of attachment. For example, Park et al.
(1998) found that modifying polyurethane surfaces with poly(ethylene glycol)
significantly reduced surface hydrophobicity and consequently reduced the attachment
of Staphylococcus epidermidis and Escherichia coli by up to 2 log CFU cm™. Roosjen
etal. (2003) covalently coated glass surfaces with poly(ethylene oxide)-brushes and
demonstrated a reduction in attachment of five bacterial and two yeast strains. Due to
the high mobility and extremely large exclusion volumes of poly(ethylene oxide) it is
difficult for particles to approach the surface (Harris, 1992). In addition Roosjenet al.
(2003) noted areduced LW interaction energy between cells and the surface after
coating resulted ina more than 98% reduction in the attachment of four bacteria. The
effect of the poly(ethylene oxide)-brush coatings on the attachment of Pseudomonas
aeruginosawas weaker since theses bacteria can release surfactants that form hydrogen

bonds with poly(ethylene oxide). Tiller et al. (2001) found that a covalent coating of
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poly(4-vinyl-N-alkylpyridinium bromide) (apolycation material that has been reported
to kill bacteria) on glass can reduce attachment of 1 to 2 log of airborne Staphylococcus
aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa and Escherichiacoli on

the surface.

1.9.2 Treatment of substratum surfaces: physical approaches

Many authors apply physical treatments to modify the electrostatic properties of
substratum surfaces to control bacterial attachment. For instance, van der Borden et al.
(20044, 2004b) used electric current to detach Staphylococcus epidermidis from surgical
stainless steel. They established that an electric current of 60 to 100 pA, applied either
as a direct current or as a block current, to a surgical stainless steel detached 75% of
adhering Staphylococcus epidermidis and caused a 2 log reductionin the viability of the
remaining cells (van der Bordenetal., 2004a). They also subsequently established that a
100 pA direct current resulted ina 78% removal of Staphylococcus epidermidis biofilms
(van der Bordenet al., 2004b). The electric current did not only kill or inhibit cells but
induced a strong electrostatic repulsion which removed the cells from the surface. The
electro-assisted method has been widely applied to control bacterial attachment, biofilm
formation and marine biofouling (Nakasono et al., 1993; Nakayama et al., 1998; Wake
etal., 2006). Bacteriathat have been detached by a direct electric current can
re-accumulate on hard surfaces since some cells inactivated by a direct constant
cathodic or anodic current tend to remain on the surface, and may serve as seeds for
other bacteriato attach (Wagner et al., 2004). To overcome this limitation ablock
current method entailing periodic shifting between cathodic and anodic currents has
been widely used to control biofouling. Application of block currents has been
demonstrated to be an effective approach to increase bacterial detachment, inhibit
bacterial attachment and to increases cell inactivation (Wake et al., 2006). Inaddition,
the application of block currents has been suggested to be better than direct currents

with respect to heat dissipation (Hong et al., 2008).
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1.9.3 Treatment of bacterial cells: application of phytochemicals

The application of phytochemicals to bacterial cellsis another approach used to control
bacterial attachment. Nostro et al. (2004) studied the effect of the ethanol extracts of
Helichrysum italicum on the attachment of Streptococcus mutans to glass. They found
that Helichrysum italicum inhibited 90% of the attachment by reducing cell surface
hydrophobicity. Hui and Dykes (2012) screened the water extracts of a range of
Malaysian herbs for their effects on the attachment of five food related bacterial strains
onto glass and stainless steel. Inhibitory effects were observed and suggested to be due
to the effects of the extracts on cell surface hydrophobicity. Matsumoto et al. (1999)
found that both polar and non-polar oolong tea fractions inhibited the attachment of
Streptococcus mutans to hydroxyapatite by 40% to 70%. The potential mechanism of
the attachment inhibition was assumed to be a reduction in cell surface hydrophobicity.
In a study by Wang et al. (2013a), the mechanism of the inhibitory effect of oolong tea
on Streptococcus mutans attachment to glass and hydroxyapatite was established.
Oolongtea treated cells were found to be coated by flavonoids, indolic compounds and
tannins. The coating activity was suggested to neutralize cell surface hydrophobicity,
alter cell surface charge and block attachment sites (e.g. sites for hydrogen bond
formation) on cell surfaces. From the literature in general, it is apparent that plants and
plant components usually inhibit bacterial attachment by modifying bacterial cell
surface properties and in particular hydrophobicity. Plants that can reduce bacterial
surface hydrophobicity may therefore have potential as agents to control attachment.
Razak etal. (2006), for example, found that the surface hydrophobicity of a range of
early colonizers of dental plague can be reduced by Piper betle and Psidium guajava
extracts by approximately 10% and 50% (attachment to hexadecane), respectively.
Dykes et al. (2002) reported that ethanol extracts of bearberry leaves reduced the
hydrophobicity of Staphylococcus aureus by 43% (attachment to xylene). It should be
noted that plant extracts may also be effective inreducing bacterial hydrophobicity and
In some cases may increase it. In the same study by Dykes et al. (2002) reported aboe,

ethanol extracts of bearberry leaves were also found to increase the hydrophobicity of a
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large range of other bacteriaby 2 to 67% attachment to xylene. Vbrawuthikunchai and
Limsuwan (2006) reported that ethanol extracts of Punica granatum and Quercus
infectoria increased the hydrophobicity of Helicobacter pylori strains. In addition, the
ethanol extracts of a range of Thai medicinal plants were found to increase the
hydrophobicity of Escherichia coli O157:H7 strains determined using SAT
(Morawuthikunchai etal., 2006). Ethanol extracts of Quercus infectoria were
subsequently established to increase the hydrophobicity of Shiga toxigenic Escherichia
coli strains by 10 to 50% attachment to toluene and these effects were attributed the
removal of pili from the cell surfaces by the plant extracts (Moravuthikunchai and
Suwalak, 2009). The application of phytochemicals to modify bacterial cell surface
hydrophobicity has practical potential but these effectstend to be bacterial strain
specific and a compound effective against all bacteriais unlikely to exist. It is however
possible to develop strategies to control attachment using phytochemicals based on the
hydrophobicity nature of the target bacteria. Future research should entail identification

of phytochemicals that work for either hydrophobic or hydrophilic bacteria.

In addition to the strategies listed above bacterial attachment can be controlled by many
other means such as shear force and altering temperature (Nejadnik et al., 2008; Nguyen
et al., 2010). Regardless of the methods used and due to the fact that different bacteria
attach to surfaces by different physicochemical means the development of a universal

method to control the attachment of all bacteriato all surfaces is unlikely.

1.10 Concluding remarks

A substantial amount of research has been conducted, and advances made, in
understanding the mechanisms of bacterial attachment to hard surfaces. Sufficient
experimental evidence is available to support the idea that bacterial attachment can be
explained using physicochemical approaches, although the process can also be affected

by many other parameters, such as biological properties of bacterial cells. Furthermore
33



Chapter 1 Literature Review

the ability to explain bacterial attachment phenomena using physicochemical
approaches often decreases with an increasing complexity of the interactions. This is
especially apparent when the impact of a weak interaction is masked by that of stronger
ones or when surface roughness is involved. It is therefore not sufficient to study
bacterial attachment by considering only one or a very few interactions ina system. In
addition, it is oftendifficult to study attachment if surface properties acrossasmall
range of values are considered as the resultant numbers of attaching bacteriaare usually
not significantly different and the value of these studies is therefore limited. This
difficulty leads to a need to determine arange of values for each surface property within
which bacterial attachment cannot be differentiated and which may assist in designing

more useful studies.

Auniversally valid physicochemical model for predictions of bacterial attachment is
still not available. Limitations of the existing models are apparent. In addition to the fact
that biological factors play a role in attachment, these models assume ideal conditions
(e.g. perfectly smooth, uniform and inert surfaces) which in reality do not exist. They
also tend to predict attachment in a solely deterministic way resulting in poor outcome
because of noise. Additional factors such as substratum surface roughness and cell to
cell interactions need to be considered in future model developments. The application of
probability distributions to mechanistic models in order to take biological variability

into account may be one approach to solve some of these problems.

The development of a universal approach to control bacterial attachment to hard surface
Is unlikely based on our current understanding of the attachment process. Strategies that
address specific needs with respect to the control of bacterial attachment have been
developed. For example, chemical and physical treatments such as coating and
electro-assisted methods have been usedto protect particular surfaces against bacterial
attachment. In addition phytochemical treatments that alter cell surface hydrophobicity

have beenemployed to prevent particular bacteria from attaching to surfaces. As these
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strategies are limited in scope a better understanding of the mechanisms of bacterial

attachment to hard surfaces is required in order to develop new ones.

Considerable progress has been made in the development of methods used for the study
of bacterial attachment, but the lack of process control and standardization means that
there are still substantial challenges in model development based on these
methodologies. In addition, experimental approaches which examine interactions at
both the population and individual cell level may help overcome the challenges in

establishing systems that allow accurate prediction of microbial colonization.

In conclusion, inorder to develop a better understanding and predication of the process
of bacterial attachment as well as to develop better control strategies, future research
needs to focus on optimizing and standardizing methodologies for bacterial attachment
studies, and this needs to be accomplished by multidisciplinary research teams

consisting of microbiologists, surface chemists, engineers and statisticians.

1.11 Aims of this project

Areview of the literature indicated that information on the inhibitory effects of teaon
attachment of oral bacteriato surfaces is limited, and that the mechanisms,
predictability and stochasticity of bacterial attachment to abiotic surfaces are not well
understood. The following questions were therefore raised: 1. Which tea product(s) or
tea component(s) inhibit attachment and biofilm formation by oral bacteriaonsurfaces?
2. How do these components inhibit attachment and biofilm formation? 3. Is bacterial
attachment a stochastic process?4. If it is not stochastic howand to what extent can it

be predicted?

Based on the questions raised this project aimed:
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1. To screenthe extracts of arange of commercial tea products and tea components for
their effects onanumber of oral bacterial strains interms of their cell surface
properties and ability to attach and form biofilm on abiotic surfaces. Inaddition, to
determine the most effective tea extract(s) that inhibit attachment and biofilm
formation and to determine the bacterial cell surface properties that affect

attachment most (Chapter 2a).

2. To investigate the effects of dietary sucrose on cell surface properties of oral

bacteriaand their colonization of hard surfaces (Chapter 2b).

3. To investigate the influence of the interaction of saliva on oral bacterial attachment

to hydroxyapatite (Chapter 2c).

4. To investigate the effects of the teaextracts and tea components on oral bacterial

attachment to cultured human gingival fibroblasts (Chapter 3).

5. To investigate the mechanisms of the inhibition of the attachment and biofilm of
Streptococcus mutans on hard surfaces by the most effective tea extract(s)

determined in Chapter 2a (Chapter 4).

6. To study the predictability of oral bacterial attachment to hard surfaces determined

in Chapter 2a using the XDLVO theory (Chapter 5a).

7. To dewvelopa mathematical approach to model bacterial attachment to hard surfaces
in general, and to study the predictability and stochasticity of bacterial attachment

using this model (Chapter 5b).
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Chapter 2

Effect of Tea Extracts, Sucrose and
Saliva on Attachment of Oral Bacteria to
Hard Surfaces
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decrease attachment of some oral bacteriato abiotic surfaces. Lettersin Applied
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Chapter 2a Effect of Tea Extracts on Surface Properties of

Oral Bacteria and Their Colonization of Hard Surfaces

2a.1 Introduction

The colonization of tooth surfaces by oral pathogenic bacteriais of concernsince it can
lead to oral disease suchas caries (Aas etal., 2008). This colonization is initiated by
bacterial attachment and ultimately results in biofilm formation on teeth
(Hamilton-Miller, 2001). Bacterial attachment is acomplex process involving a large
number of factors including bacterial cell surface properties (hydrophobicity and charge)
and substratum surface properties (surface tension, charge and roughness) (Goulter et al.,
2009). The process of biofilm formation is even more complex. In addition to initial
attachment many other factors, such as cellular auto-aggregation, extracellular polymer
synthesis and virulence genes, can influence formation of biofilms (Sorroche et al.,

2012).

Tea (Camellia sinensis) is apopular drink worldwide and has proven benefits to oral
health (Hamilton-Miller, 2001). Research on the beneficial effects of this drink in
preventing oral disease has focused on its direct bactericidal capability (Hamilton-Miller,
2001; Otake etal., 1991; Friedman, 2007). Only a limited number of studies have been
conducted with respect to its ability to prevent bacterial attachment and biofilm

formation (Matsumoto et al., 1999).

In this study, extracts of arange of commercial tea products and tea components were
tested for their ability to modify surface properties (hydrophobicity, charge and
auto-aggregation) of five strains of oral bacteriaand their colonization (attachment and
biofilm formation) of hydroxyapatite (atooth model surface) (Apellaetal., 2008) and of

glass and stainless steel (as reference surfaces with different surface properties). The
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impact of cell surface properties on colonization were established in order to determine

any factor(s) that may have a significant influence on attachment and biofilm formation.

2a.2 Materials and methods

2a.2.1 Bacterial culture and suspension preparation

Five strains of oral bacteria namely Streptococcus mutans (ATCC 25175 and ATCC
35668), Streptococcus salivarius (ATCC 13419), Streptococcus mitis (ATCC 49456)
and Actinomyces naeslundii (ATCC 51655) were used in this study and obtained from
the American Type Culture Collection (Manassas, USA). All strains were maintained on
Mitis Salivarius Agar (MSA; Difco, US) at 4°C and grown for experiments in Tryptic
Soy Broth (TSB; Merck, USA) at 37°C for 24 h (48 hfor A. naeslundii ATCC 51655)
with shaking at 150 rpm. Bacterial suspensions were prepared by centrifuging 20 mL of
the TSB cultures at 7669 g for 15min. Cells were gently washed with 150 mM
phosphate buffered saline (PBS; 2.7 mM KCI, 10 mM Na;HPO4, 17 MMKH,POy4, 137
mM NaCl, pH 7.4; 1% BASE, Singapore) and the final pellet was resuspended in 20 mL

PBS for all experiments unless otherwise stated.

2a.2.2 Tea extract preparation

Five commercial teaproducts, namely green tea, oolong tea, black tea, pu-erh tea and
chrysanthemum tea (Ten Ren Tea Co. Ltd., Taiwan) were extracted using 90% (vol/vol)
acetone (Sigma-Aldrich, USA) at a ratio of 1:20 (g:mL) for 2 h(Wang et al., 2013b).
The resultant extracts were evaporated under vacuum at 40°C, freeze dried and stored at

-20°C for further use.

Tea extract solutions for experimentswere prepared by dissolving dried tea extracts in
PBS or distilled water containing 1% (vol/vol) methanol (Systerm, UK) to a desired

concentration and filter sterilizing though a 0.2 um filter (Millipore, USA).
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Epigallocatechin gallate [EGCg; 95% (vt/vt); Sigma-Aldrich] and gallic acid
(Sigma-Aldrich) were also used in this study as they are major flavonoid components of
most teas especially lowdegree fermented teas (Peterson et al., 2005), and were

prepared in the same way as the tea extract solutions.

2a.2.3 Antimicrobial susceptibility tests

The minimal inhibitory concentrations (MICs) of the teaextracts and pure compounds
against the five bacterial strains were determined using the micro-broth dilution method
as previously described by James (1990). This was done in order to determine the
concentrations of tea extracts and tea compounds to apply to the bacteriain subsequent
assays without killing them or inhibiting their growth. Briefly, 100 uL of each tea
extract solution or pure compound water solution (10 mg/mL) was subject to doubling
dilutionin a microtitre plate (Jet Biofil, China), mixed with 100 uL of TSB containing
suspended bacterial cells (approximately 10* CFU/mL, determined by a turbidity
standard) and incubated at 37°C for 48 h. Growth was determined by assessing the
turbidity in the wells. In subsequent experiments, each bacterial strain was treated with
tea extracts at the concentration belowthe lowest MIC value among all tea extracts to
make the studies comparable. In the case of the pure tea compounds bacterial strains

were treated at a concentration beloweach of their individual MICs.

2a.2.4 Effect of tea extracts on bacterial cell surface properties

2a.2.4.1 Cell surface hydrophobicity (CSH) determination

The CSH was determined using the Bacterial Attachment to Hydrocarbon (BATH)
method as described by Gibbons and Etherden (1983) with slight modifications. Briefly,
bacterial cells were suspended in PBS containing dissolved tea extracts / pure
compounds and the suspensions were adjusted to an optical density (OD) of 1.0 £ 0.2 at

550 nm to eliminate cell concentration effects. PBS without tea extracts or pure

42



Chapter 2 Effect of Tea Extracts, Sucrose and Saliva on Attachment of Oral Bacteria to Hard Surfaces

compounds was used as a control. The samples were incubated at 37°C for 1 h. A3 mL
aliquot of each sample was mixed with 1 mL of hexane (Sigma-Aldrich) and vortexed
for 2min. The mixtures were then allowed to separate for 1 h. The ODsso Of the aqueous
phase was measured before (Ao) and after (A) addition of hexane. Blanks were prepared
using the suspending liquids without bacterial cells. The index of hydrophobicity was

calculated as % Binding to hexane=(1 - A/ Ag) *x 100%.

2a.2.4.2 Cell surface zeta potential (ZP) measurements

Bacterial cell surface ZP was measured as previously described by Bayoudh et al.
(2009). Bacterial suspensions (with or without tea extracts / pure compounds) at a
concentration of 10’ CFU/mL (pH 7.4) were incubated at 37°C for 30 min. The ZP of a
1 mL aliquot of each sample was measured using a zetasizer (Nano ZS-ZEN3600;

Malvern Instruments Ltd., UK).

2a.2.4.3 Auto-aggregation assay

Auto-aggregation assays were performed as described by Ellen and
Balcerzak-Raczkowski (1977). A1 mL aliquot of bacterial suspensions (with or without
tea extracts / pure compounds) was adjustedto an OD of 0.25 £ 0.05 at 600 nm and
incubated at 37°C. The ODgqo Was taken before (A;) and after (A¢) 6 h incubation at
37°C. Aggregation percentage was expressed as % Auto-aggregation= (1 — A¢/ A)) x
100%.

2a.2.5 Effect of tea extracts on bacterial attachment, detachment and biofilm formation
on hard surfaces

2a.2.5.1 Hard surface preparation

Hydroxyapatite surfaces were prepared by coating hydroxyapatite powder onto glass
slides as described by Wang et al. (2013a). Briefly, glass slides were painted with 40%
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(wt/vol) bonding adhesive (60% limestone, 30% kaolin, 8% ethylene glycol, 1% SiO,
and 1% TiO,, %wt; Over Sea Plaster Supply and Construction Sdn. Bhd., Malaysia) and
partially dried in air for 3 min. The slides were then coated with a paste consisting of
10% cement (56% CaO, 40% SiO;,, 3% Al,O3-Fe,05 and 1% MgO, %wt; Over Sea
Plaster Supply and Construction Sdn. Bhd., Malaysia), 40% hydroxyapatite powder
(Sigma-Aldrich, USA) and 50% distilled water (%wt) followed by air drying for 16 h.

Glass (75 x 25 mm; Thermo Fisher Scientific, USA), stainless steel (75 x 25 mm; type
302, # 4 finish, 1 mm thickness) and hydroxyapatite (75 x 25 mm) slides were
degreased by soaking in acetone for 30 min, rinsed in distilled water and sterilized by

autoclaving.

2a.2.5.2 Scanning electron microscopy (SEM) and atomic force microscopy (AFM)

The three hard surfaces were visualized under a scanning electron microscope (S-3400N;
Hitachi, Japan) at 2,000 times magnification at a scanning voltage of 5 kV. Their
roughness was determined using an atomic force microscope (1010 mm; \feco
Instruments, Inc., Canada). Images for surface roughness (5 x 5 um) were obtained
using a silicon nitride cantilevers (Budget Sensors, Bulgaria) with a spring constant of
0.06 N/m at a scan rate of 2 Hz. The roughness of hydroxyapatite was not measurable
using this method as material broke off from the surface and attached to the point of the
cantilever during the mapping process. Surface roughness was analyzed using
Nanoscope software (version 5, Digital Instruments, Canada) and reported as the root

mean square (RMS; nm).

2a.2.5.3 Attachment assay

The attachment assays were carried out as described by Wang et al. (2013a). Bacterial
cells were suspended in 20 mL PBS containing tea extracts / pure compounds and

incubated with the hard surface slides at 37°C for 30 minwithout shaking to allow
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attachment to take place. The slides were then removed from the suspensions, gently
rinsed three times with PBS and stained by 0.1% (wt/vol) crystal violet (for glass;
Sigma-Aldrich) or 0.1% (wt/vol) acridine orange (for hydroxyapatite and stainless steel;
Sigma-Aldrich). The number of attached cells was counted using a microscope (BX51,;
Olympus, Japan) under light or epifluorescence. Atotal of 50 fields were counted for
each slide and the number of attached cells was expressed as mean log CFU/cm®. The A.
naeslundii ATCC 51655 strain was non-enumerable under a microscope due to its
morphology. After rinsing slides with A. naeslundii ATCC 51655 cells attached were
placed in a stomacher bag (Gossenlin, France) containing 50 mL of PBS, and massaged
in a stomacher (400P, BigMixer®, France) for 10 min to remove the attached cells. The
massaged slides were stained and visualized under a microscope for 50 fields. No cells
were observable and therefore stomaching was considered to be an effective means for
the removal of attached cells. Aliquots of PBS were serially diluted, spread plated on
Tryptic Soy Agar (TSA; Merck) and quantified after 48 h incubation at 37°C (Chiaet al.,
2011). Chiaetal. (2011) determined that attachment results obtained from the two

methods were not significantly different.

2a.2.5.4 Detachment assay

Hard surface slides were incubated at 37°C for 30 minwith 20 mL aliquots of bacterial
suspensions with a cell density at approximately 10° CFU/mL to allow for attachment.
After incubation the slides were remowved, rinsed three times with PBS and transferred
into 20 mL PBS containing tea extracts / pure compounds (PBS was used as a control)
prior to incubation for 16 h at 37°C. The cells remaining on the slides were quantified
using direct counting method with a microscope for Streptococcal strains as described
abowve. The detachment assay was not carried out for A. naeslundii ATCC 51655 (spread

plating method) as cells remaining on the slide did not grow on TSA after stomaching.
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2a.2.5.5 Biofilm formation assay

Abiofilm formation assay was performed as described by Wang et al. (2013). A10 mL
aliquot of water containing tea extracts / pure compounds was added to 10 mL
pre-autoclaved TSB at a double concentration. The mixture was inoculated with a 0.1
mL of a 24 h TSB culture and incubated with a slide at 37°C for 72 hwithout shaking.
Controls were prepared by using distilled water instead of tea extract solutions. After
incubation the slide was washed three times with PBS and transferred into a Falcon tube
(TPP®, Switzerland) containing 40 mL of PBS. The tube was sonicated for 10 min using
a water bath sonicator (LC-130H; ELMA, Germany) at room temperature at a frequency
of 35 kHz to detach the biofilm cells into the surrounding PBS. An aliquot of the PBS
was serially diluted, spread plated on TSA and incubated at 37°C for 48 h before

enumeration.

2a.2.6 Statistical analysis

All assays were carried out in triplicate with independently grown cultures and all
values were expressed as mean * standard deviation. A one way ANOVA (Tukey’s
comparison) or a Student’s t-test was performed on all data sets. Anested ANOVA was
performed to compare the hard surfaces interms of bacterial attachment and biofilm
forming ability with respect to teaextract / pure compound treatments, and also to
determine the most effective teaextracts in inhibiting attachment and biofilm formation
with consideration of all bacteriaonall surfaces. The relationships between bacterial
cell surface properties and their colonization abilities were determined using regression
plots. All analysis was conducted using SPSS software (PASW Statistics 18; SPSSInc.)

at a 95% confidence level.
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2a.3 Results

2a.3.1 Antimicrobial susceptibility tests

The MIC values of the tea extracts and pure compounds against the five bacterial strains
used in this study are shown in Table 2a.1. Most of the tea extracts exhibited inhibitory
effectsagainst the bacterial strains. Greenteaand oolong teaextracts had lower MICs
(625 to 2500 pg/mL) than the other extracts (2500 to 5000 pg/mL). EGCgalso
generally had lower MICs (125 to 500 pg/mL) against the bacteriathan gallic acid (250
to 4000 pg/mL).

Table 2a.1 Minimum inhibitory concentrations (MIC) of five teaextracts and two pure

compounds against five oral bacteria.

MIC (ug/mL)
Green Oolong Black Pu-erh  Chrysanthemum Gallic
EGCg .
tea tea tea tea tea acid
S. mutans
ATCC 25175 2500 2500 5000 >5000 5000 500 4000
S. mutans
ATCC 35668 2500 2500 5000 >5000 5000 250 2000
S. salivarius
ATCC 13419 2500 2500 5000 5000 5000 250 2000
S. mitis
ATCC 49456 1250 1250 5000 5000 5000 125 2000
A naeslundit o0 go5 9500 2500 2500 250 250
ATCC 51655

2a.3.2 Effect of tea extracts on bacterial cell surface properties

Figure 2a.1 shows the effects of teaextracts and pure compounds on the cell surface
properties (hydrophobicity, charge and auto-aggregation) of the five bacterial strains
used in this study. All strains showed high surface hydrophobicity ranging from 60 to
90% (Gibbons and Etherden, 1983). The teaextracts and EGCg reduced the
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hydrophobicity of the strains (by between 4 to 58%; p<0.05) in most of the cases.
Chrysanthemum tea extract showed the strongest effect (58%; p<0.05). Gallic acid on
the other hand had no effect (p>0.05) on cell surface hydrophobicity of the strains. All
strains were negatively charged with ZP ranging from -4 to -12 mV. The net ZP of both
S. mutans strains was increased by all tea extracts and EGCg by between 4 to 20 mV
(p<0.05), while that of S. mitis ATCC 49456 was only increased by green teaand pu-erh
tea extracts by 8 and 9 mV, respectively (p<0.05). The ZP of S. salivarius ATCC 13419
and A. naeslundii ATCC 51655 were not affected by any of the tea extracts or pure
compounds (p>0.05). All strains exhibited moderate to relatively high auto-aggregation
ranging from 22 to 45% (Ellen and Balcerzak-Raczkowski, 1977). The oolong tea
extract increased the auto-aggregation of S mutans ATCC 35668 and S. salivarius ATCC
13419 by 9 and 7%, respectively (p<0.05). The black tea extract increased the
auto-aggregation of S. mutans ATCC 35668 by 10% (p<0.05) but decreased that of S.
salivarius ATCC 13419 by 11% (p<0.05). The pu-erh tea extract increased the
auto-aggregation of A. naeslundii ATCC 51655 by 15% (p<0.05). The auto-aggregation
of S. mutans ATCC 25175 and S. mitis ATCC 49456 were not affected by any of the tea
extracts (p>0.05). Gallic acid showed increased the auto-aggregation of all strains by 8
to 30% (p<0.05) except forthat of S. mitis ATCC 49456 (p>0.05), while EGCg
increased the auto-aggregation of S. mutans ATCC 35668 only by 24% (p<0.05).
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Figure2a.1 Effect of teaextracts and pure compounds on bacterial cell surface properties. The effect of tea extracts (first letter) and pure
compounds (second letter) on hydrophobicity (a, b), charge (c, d) and auto-aggregation (e, f). Values labeled with the same letter are not
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(p<0.05).
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2a.3.3 Effect of tea extracts on bacterial attachment, detachment and biofilm formation
on hard surfaces

The effects of the tea extracts and compounds on the attachment of the oral bacteriato
the hard surfaces used in this study are presented in Figure 2a.2. All strains exhibited a
similar ability to attach to the surfaces (~6.1 to 6.5 log CFU/cm?) except for A.
naeslundii ATCC 51655 which attached in significantly lower numbers (~5.5 log
CFU/cm?; p<0.05). The tea extracts exhibited inhibitory activities on attachment but not
in all cases. Most notably the oolong tea extract was effective inreducing attachment of
all strains to all surfaces by between 0.3 to 2.2 log CFU/cm? (p<0.05). Anested ANOVA
indicated that this extract was the strongest inhibitor of attachment among all the tea
extracts tested (p<0.05). In addition, the attachment of A. naeslundii ATCC 51655 was
inhibited to a greater degree by all teaextracts as compared to the other bacterial strains
tested (p<0.05). Exposure to EGCg reduced attachment by between 0.3 to 1.5 log
CFU/cm? for all strains (p<0.05) except for S. salivarius ATCC 13419 and S. mitis
ATCC 49456 to hydroxyapatite (p>0.05). Gallic acid reduced attachment of all strains
to hydroxyapatite surface (p<0.05) with the exception of S. salivarius ATCC 13419
(p>0.05). It was established (Nested ANOVA) that hydroxyapatite was the most
favorable surface for bacterial attachment among the three surfaces followed by
stainless steel and then glass (p<0.05). No interaction (p>0.05) was found between the
type of hard surface and tea extract / pure compound treatments, indicating that the type
of hard surface did not affect the effects of teaextracts/ pure compounds on bacterial

attachment.

The results of detachment assays indicated that the tea extracts and pure compounds did

not detach any of the bacterial strains from any of the surfaces (p>0.05) (Appendix I).

Figure 2a.3 shows the results of the biofilm formation assays. Results of this part of the

study indicated that the S. mutans strains formed a significantly greater (p<0.05) amount

of biofilm on hydroxyapatite (~6.6 to 7.1 log CFU/cm?) than on the other two surfaces
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tested (~5.2 to 5.8 log CFU/cm?). Greater (p<0.05) amounts of biofilm were also
formed by the two S. mutans on hydroxyapatite than that formed by the other stains on
all surfaces (~4.7 to 5.6 log CFU/cm?). The Pu-erh tea extract reduced biofilm
formation by the four Streptococcal strains onall surfaces by 0.5 to 2.4 log CFU/cm?
(p<0.05). The black tea extract reduced biofilm formation by S. mutans ATCC 25175 on
hydroxyapatite by 1.2 log CFU/cm? (p<0.05). Chrysanthemum tea extract reduced
biofilm formation by S. mutans ATCC 25175 and S. mutans ATCC 35668 on
hydroxyapatite by 1.1 and 1.0 log CFU/cm?, respectively (p<0.05). Biofilm formation
by A. naeslundii ATCC 51655 was enhanced by the pu-erh teaextract by 0.5 log
CFU/cm? on both glass and hydroxyapatite (p<0.05). EGCg had no effect on biofilm
formation by any of the bacteriaonany of the surfaces (p>0.05) while gallic acid
enhanced the biofilm formation by A. naeslundii ATCC 51655 onall surfaces by 1.0 to
1.2 log CFU/cm? (p<0.05). Anested ANOVA indicated that the pu-erh tea extract was
the most effective inhibitor of biofilm formation for the Streptococcal strains (p<0.05)
and that for all strains hydroxyapatite was the most favorable surface for biofilm
formation followed by glass and then stainless steel (p<0.05). No interaction (p>0.05)
was found between the type of hard surface and teaextract/ pure compound treatments,
indicating that the type of hard surface did not influence the effect of teaextracts/ pure

compounds on biofilm formation.

Correlations between cell surface properties and attachment on different surfaces after
tea extract / pure compound treatments are presented in Table 2a.2. Correlations
between cell surface hydrophobicity and attachment were greater as compared to those
between surface charge and auto-aggregation / attachment for the Streptococcal strains
and especially for S. salivariusATCC 13419 (R?s of 68 to 91% for hydrophobicity). No
significant correlation was found between biofilm formation and cell surface properties

or attachment (p>0.05).

51



Chapter 2 Effect of Tea Extracts, Sucrose and Saliva on Attachment of Oral Bacteria to Hard Surfaces

6
~
E
g 5
=
Ca
E
a a 24
Glass Stainless steel  Hydroxyapatite Glass Stainless steel  Hydroxyapatite
2 a 2 abc abe . cc d 7
(c) b paba e be b C (d)
b I -‘.:-: 5
~
g
\\\\\ 5°
B h
U
=1
=
3
2 .
Glass @ Stainless steel  Hydroxyapatite @ Glass Stainless steel  Hydroxyapatite
®’
ﬁ |
~
=]
5“-2 5
5
Oy
-1)]
]
3
: . 2+
. Glass Stainless steel ~ Hydroxyapatite : e Stainless steel  Hydroxyapatite
6 6
~ ~
g E
s 5 S 5
= =
Oa Qs
g g
3 3
2 A )
Glass Stainless steel  Hydroxyapatite Glass Stainless steel  Hydroxyapatite
o 7 w7
(i ()]
6 6
ﬁE i P.E
%5' s
= =
-
(P o Ua
g0 [
] g
3 - e
2 ) i
Stainless steel - Hydroxyapatite Glass Stainless steel  Hyvdroxyapatite
®Control ®Green ®Oolong %Black #®Puerh  Chrysanthemum
4 ry

® Control

" EGCg

® Gallic acid

52



Chapter 2 Effect of Tea Extracts, Sucrose and Saliva on Attachment of Oral Bacteria to Hard Surfaces

Figure 2a.2 Effect of teaextracts and pure compounds on bacterial attachment to hard
surfaces. The effectof teaextracts (first letter) and pure compounds (second letter) on
the attachment of S. mutans ATCC 25175 (a, b), S. mutans ATCC 35668 (c, d), S.
salivarius ATCC 13419 (e, f), S. mitis ATCC 49456 (g, h) and A. naeslundii ATCC
51655 (i, ). Values labeled with the same letter are not significantly different (p>0.05)
among the treatments on the same surface. Values labeled with the * symbol are
significantly different from the control (p<0.05).

*The effect of teaextracts on the attachment of S. mutans ATCC 25175 and S. mutans

ATCC 35668 to glass and hydroxyapatite were previously reported (Wang et al., 2013a).
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Figure 2a.3 Effect of teaextracts and pure compounds on biofilm formation on hard
surfaces. The effectof teaextracts (first letter) and pure compounds (second letter) on
the biofilm formation by S. mutans ATCC 25175 (a, b), S. mutans ATCC 35668 (c, d), S.
salivarius ATCC 13419 (e, ), S. mitis ATCC 49456 (g, h) and A. naeslundii ATCC
51655 (i, ]). Values labeled with the same letter are not significantly different (p>0.05)
among the treatments on the same surface. Values labeled with the * symbol are
significantly different from the control (p<0.05).

*The effect of teaextracts on biofilm formation by S. mutans ATCC 25175 and S.
mutans ATCC 35668 on glass and hydroxyapatite were previously reported (Wangetal.,
2013a).
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Table 2a.2 Correlations between surface properties (cell surface hydrophobicity, charge and auto-aggregation) of five bacteriaand their

attachment to three abiotic surfaces.

Cell surface hydrophobicity

Cell surface charge

Auto-aggregation

R2

R2

R2

F P F P F P
Glass 0.40 6.86 0.005 0.01 0.19 0.671 009  1.04 0.372
S.mutans ATCC  gtajinless steel 0.65 19.12 <0.001  0.20 5.49 0.029 012 141 0.267
25175 Hydroxyapatite 0.41 7.35 0.004 0.29 8.84 0.007 0.06  0.66 0.530
Glass 0.44 8.32 0.002 0.02 0.41 0.526 029  4.26 0.28
S. mutans ATCC Stainless steel 0.37 6.28 0.007 0.22 6.09 0.022 010 121 0.320
35668 Hydroxyapatite 0.01 0.14 0.873 0.03 0.61 0.443 016  2.03 0.157
o Glass 0.91 102.18  <0.001  0.09 2.34 0.140 023 315 0.064
S.salivarius Stainless steel 0.68 22.55 <0.001  0.02 0.35 0.560 025 347 0.050
ATCC 13419 Hydroxyapatite 0.79 39.31 <0.001 0.01 0.03 0.870 020 2.56 0.101
N Glass 0.52 11.38 <0.001  0.05 1.22 0.280 043  7.79 0.003
S. mitis ATCC Stainless steel 0.17 2.20 0.135 0.02 0.42 0.523 005 0.7 0.573
49456 Hydroxyapatite 0.01 0.02 0.985 0.09 2.14 0.157 0.03  0.33 0.720
A naeslundii Glass 0.25 3.54 0.047 0.83 4981  <0.001  0.12 1.37 0.276
A;I'CC 51655 Stainless steel 0.19 2.47 0.109 0.52 11.51 <0.001 <0.01 0.04 0.965
Hydroxyapatite 0.24 3.36 0.054 0.51 11.03 0.001 0.42 7.66 0.003

Correlations were plotted based on arcsine transformed % hydrophobicity values, ZPs, arcsine transformed %auto-aggregation values and

attachment values (CFU/cm?) using quadratic regression (with an equation of y = ax? + bx + c). The surfaces property and attachment values

were obtained after teaextract/ pure compound treatments. The cases in bold face were found to be significantly correlated (p<0.05).

56



Chapter 2 Effect of Tea Extracts, Sucrose and Saliva on Attachment of Oral Bacteria to Hard Surfaces

Figure 2a.4 shows the SEM and AFM images of the hard surfaces. It can be seen from
the SEM images that the surface of hydroxyapatite was significantly rougher than the
other two surfaces. The AFM images present the mapping of glass and stainless steel
surfaces with RMS values. The roughness of stainless steel surface (RMS: 42 nm) was

about 10 times higher than that of glass (RMS: 0.49 nm).

Figure 2a.4 Scanning electron microscopic image (scale bar: 20 um) of (a) glass, (b)
stainless steel and (c) hydroxyapatite, and atomic force microscopic images of (d) glass

and (e) stainless steel.

2a.4 Discussion

Positive correlations were found between cell surface hydrophobicity and attachment to
surfaces for the four Streptococcal strains used in this study but not for A. naeslundii

ATCC 51655. This suggests that the teaextracts may have inhibited the attachment of
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the Streptococci by reducing their surface hydrophobicity resulting inan increased
surface tension between the cells and the substratum surface but a reduced surface
tension between the cells and the liquid medium (aqueous) (van Oss et al., 1986).
According to the colloidal thermodynamic theory hydrophobic interactions consist of
Lifshitz van der Waals (LW) and Lewis acid-base (AB) (hydrogen bonding) interactions
(van Oss et al., 1986). The extended Derjaguin-Landau-\erwey-Overbeek (XDLVO)
theory was used to calculate the energies of the interactions [including LW, AB and
electrostatic (EL) interactions] involved in the attachment systems in this study (Table
5a.2) and the results indicated that AB interaction energy dominated the overall energy
in the case of attachment of all bacteriato all surfaces examined. Hydrogen bonding
could therefore be the key mechanism for the attachment of the oral bacterial strains in
the system used. Based on this assumption, the effects of the teaextracts onthe
attachment of the Streptococci could be due to interference with the hydrogen bonding
of the bacteriawith surfaces. A previous study found that teacomponents inhibited the
attachment of Streptococcus mutans to surfaces by coating the cell surfaces with tannins,
flavonoids and indolic compounds (Wanget al., 2013a). It is therefore suggested that a
potential mechanism for the inhibitory effect of the tea extracts on Streptococci at the
molecular levels is that the tea extracts block the hydrogen boding sites on the bacterial
cell surfaces by coating them with tea components. This coating phenomenon had a less
profound effect on cell surface charge and auto-aggregation than on hydrophobicity and
could not detach cells from surfaces. The attachment of A. naeslundii ATCC 51655to
surfaces inthe current study correlated more to cell surface charge thanto
hydrophobicity. This apparent correlation was not consideredto be a valid one because
the slopes of the regressions tended to be infinite [i.e. tea had no significant effect onthe
ZP of A. naeslundii ATCC 51655 (p>0.05; Figure 2a.1) but significantly inhibited their
attachment (p<0.05; Figure 2a.2)]. Based on these observations there was deemed to be
no significant correlation between the attachment of A. naeslundii ATCC 51655 and any
of the cell surface properties. Similarly, no relationship was found between biofilm

formation and any of the cell surface properties, suggesting that the mechanisms of
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biofilm formation is far more complex than attachment and may involve many other
factors. Biofilm formation by the bacteriatested was therefore not explainable by the

cell surface properties used in this study.

Both attachment and biofilm formation were greater on hydroxyapatite than on the other
two surfaces and this may be because hydroxyapatite surface was rougher than the other
surfaces at a micronscale (Figure 2a.4) giving the cells alarger surface areato attach to
and form biofilms on. Stainless steel was ten-fold rougher at a nano scale than glass. In
general bacteriaattached to stainless steel in higher numbers and formed less biofilm on
it than on glass. This may indicate that the bacteriaexamined tend to attach more easily
to a rougher surface but form biofilm more easily ona smoother one. This result
contrasts with the findings of some other authors. For example Goulter et al. (2011)
reported that E. coli attached in greater numbers to smoother stainless steel surfaces
than to rougher ones, while Medilanski et al. (2002) found that four species of bacteria
(Desulfovibrio desulfuricans, Pseudomonas aeruginosa, Pseudomonas putidaand
Rhodococcus sp. C125) attached ina greater number to both smoother and rougher
stainless steel and in a minimal number to stainless steel surfaces witha medium
roughness. There may therefore be other factors affecting attachment to hard surfaces in
this study that were not measured. Medilanski et al. (2002), for example, suggested that
the influence of hard surface roughness on bacterial attachment is associated with the
size and shape of bacterial cells. It was also found that the type of hard surface did not
influence the effects of tea extracts / pure compounds on bacterial attachment and
biofilm formation. This suggests that in the attachment system used the tea extract/
pure compound treatments only affected the bacterial cells and had no effect on the hard
surfaces (e.g. the tea extracts / pure compounds did not coat the hard surfaces, a

phenomenon which is usually not the case in the oral cavity).

Based on this in vitro study, tea extracts may have the potential to inhibit the

colonization of oral pathogens on tooth surfaces and improve oral health. In addition,
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the concentrations of teaextracts applied to the bacteriain this study (which were below
the MIC lewvels) were lower than the concentration ina cup of fresh brewed tea. The
concentration of compounds in fresh brewed tea, especially greenteaand oolong tea,
may reach levels inhibitory or lethal to many oral bacteria, suchas S. mutans (Xuetal.,
2012). Itis possible that teacould kill or inhibit a portion of oral bacteriaontooth
surfaces immediately after consumption and suppress colonization of the rest of the
bacteriaafter being diluted by saliva to concentrations belowthe MIC leels. These

suggestions need to be further confirmed by in vivo studies.

2a.5 Conclusions

In summary, this study found that tea extracts could inhibit attachment and biofilm
formation by oral pathogenic bacteriaon hydroxyapatite, glass and stainless steel
surfaces. It suggested a potential mechanism of the inhibitory effect of teaonthe
attachment of Streptococcal strains, namely the ability of the teaextracts to reduce
bacterial surface hydrophobicity. These findings were, however, not applicable to A.
naeslundii ATCC 51655. This study also indicated that different types of hard surface
resultindifferent levels of bacterial attachment and biofilm formation but do not affect

the inhibitory effects of the teaextracts.
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Chapter 2b  Effect of Sucrose on Surface Properties of Oral

Bacteria and Their Colonization of Hard Surfaces

2b.1 Introduction

Many oral bacteriacan colonize tooth surfaces, resulting in the development of dental
plague and induction of dental caries (Weerkamp and Jacobs, 1982; Kolenbrander and
London, 1993). Primary colonizers, such as oral Streptococci and Actinomyces
naeslundii, synthesize water-insoluble, adhesive glucan from dietary sucrose by the
enzymatic action of glucosyl transferase (Hamadaetal., 1978; Sato et al., 1990; Ozek,
2011) and form early plaque which can be colonized by over 350 species of bacteria.
Glucan synthesis can occur on the surfaces of bacteriacells and form a layer of glucan
film coating the cells (Hamada et al., 1978). This cell-bound glucan can induce bacterial
cellular aggregation (Vickerman and Jones, 1995) which enhances the ability of primary
colonizers to adhere and grow on tooth surfaces (Kolenbrander and London, 1993). This
may help to explain the ability of oral bacteriato attach to various abiotic surfaces
including glass, steel wire, hydroxyapatite, and extracted and artificial teeth (Slade,
1976). Other cell surface physicochemical properties that influence bacterial
colonization, such as hydrophobicity and charge (Goulter etal., 2009), may also be

affected by cell-bound glucan.

In this study, five strains of primary colonizing bacteriawere grown in culture medium
with or without 2% sucrose. The effects of the addition of sucrose in the culture medium
were investigated with respect to bacterial cell surface physicochemical properties
(hydrophobicity, charge and auto-aggregation) and two colonization activities
(attachment and biofilm formation) on hydroxyapatite (a tooth model; Apellaetal.,
2008) and two other abiotic surfaces (glass and stainless steel) with different surface

properties.
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2b.2 Materials and methods

2b.2.1 Bacterial culturesand growth conditions

Five bacteriaof oral origin, namely Streptococcus mutans ATCC 25175, Streptococcus
mutans ATCC 35668, Streptococcus salivarius ATCC 13419, Streptococcus mitis ATCC
49456 and Actinomyces naeslundii ATCC 51655, were obtained from the American
Type Culture Collection (Manassas, USA) and used in this study. All bacteriawere
maintained on Mitis Salivarius Agar (MSA; Difco, USA) at 4°C and grown in Tryptic
Soy Broth (TSB; Merck, USA) with or without 2% sucrose at 37°C for 24 h (48 h for A.
naeslundii ATCC 51655) with shaking at 150 rpm. Bacterial suspensions were prepared
by centrifuging 20 mL of TSB cultures at 7669 g for 15 min. The pellets were washed
with 150 mM phosphate buffered saline (PBS; 2.7 mM KCI, 10 mM Na;HPO4, 17 mM
KH,PO,, 137 mM NaCl, pH 7.4; 1 BASE, Singapore) and resuspended in 20 mL PBS

for all experiments.

2b.2.2 Cell surface hydrophobicity measurements

The cell surface hydrophobicity was determined using Bacterial Attachment to
Hydrocarbon (BATH) method as previously described by Rosenberget al. (1980) with
slight modification. Bacterial suspensions were adjusted to an optical density (OD) of
1.0+ 0.2 at 550 nm. A 3 mL aliquot of each sample was mixed with 1 mL of hexane
(Sigma-Aldrich, USA) and vortexed for 2 min. The mixture was allowed to separate for
1 h at 37°C. The ODss, of the aqueous layer was measured before (Ay) and after (A)
addition of hexane. The cell surface hydrophobicity was expressed as % binding to

hexane = (1 - A/A;) x 100%.
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2b.2.3 Cell surface charge measurements

Bacterial cell surface charge was measured as described by Bayoudh et al. (2009). A1
ml aliquot of bacterial suspensionat a cell density of 10’ CFU/mL (pH 7.4) was
measured for cell surface charge using a zetasizer (Nano ZS-ZEN3600; Malvern

Instruments Ltd., UK). Cell surface charge was expressed as zeta potential (mV).

2b.2.4 Cellular auto-aggregation measurements

Auto-aggregation measurements were performed as described by Ellen and
Balcerzak-Raczkowski (1977). A1 mL aliquot of bacterial suspension was adjusted to
an OD of 0.25 + 0.05 at 600 nm prior to incubation at 37°C for 6 h. The ODggo Was
measured before (A) and after (As) incubation. Aggregation percentage was expressed

as % Auto-aggregation = (1 - As / A)) x 100%.

2b.2.5 Hard surface preparation

Hydroxyapatite surfaces were prepared by coating hydroxyapatite powder
(Sigma-Aldrich) onto glass slides as previously described by Wang et al. (2013a). Glass
slides (75 x 25 mm; Thermo Fisher Scientific, USA) were first coated with bonding
adhesive (containing 60% limestone, 30% kaolin, 8% ethylene glycol, 1% SiO, and 1%
TiO,, %wt; Over Sea Plaster Supply and Construction Sdn. Bhd., Malaysia) mixed with
distilled water at a ratio of 6:4 (wt:vol) and partially dried in air for 3 min. The slides
were then coated with a paste consisting of 10% cement powder (containing 56% CaO,
40% SiO3, 3% Al,O3-Fe,03 and 1% MgO, %wt; Over Sea Plaster Supply and
Construction Sdn. Bhd., Malaysia), 40% hydroxyapatite powder and 50% distilled
water (%wt) followed by air drying for 16 h.

Glass (75 x 25 mm), stainless steel (75 x 25 mm; type 302, #4 finish) and

hydroxyapatite slides were degreased by soaking in acetone for 30 min, rinsed in
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distilled water and sterilized by autoclaving.

2b.2.6 Attachment assays

The attachment assays were carried out as previously described by Wang et al. (2013a).
A 20 mL bacterial suspension containing 10” CFU/mL was incubated with a hard
surface slide at 37°C for 30 minwithout shaking. After incubation the slide was
removed from the suspension, gently washed three times with PBS to remowe loosely
attached cells and stained by 0.1% (wt/vol) crystal violet (for glass; Sigma-Aldrich) or
0.1% (wt/vol) acridine orange (for hydroxyapatite and stainless steel; Sigma-Aldrich).
The attached cells were counted under a light or epifluorescence microscope (BX51;
Olympus, Japan). A total of 50 fields were counted for each slide and the number of
attached cells was calculated and expressed as log CFU/cm?. The attached cells of A.
naeslundii ATCC 51655 were morphologically not countable under a microscope and
were therefore enumerated using a method adapted from Chia etal. (2011). After rinsing
slides with A. naeslundii ATCC 51655 cells attached were placed in a stomacher bag
(Gossenlin, France) containing 50 mL of PBS, and pummeled in a stomacher (400P,
BigMixer®, France) for 10 minat a speed setting of 1 to remove the attached cells. The
pummeled slides were stained and visualized under a microscope for 50 fields. No cells
were observable and stomaching was therefore considered to be an effective means for
the removal of attached cells. Aliquots PBS were serially diluted, spread plated on
Tryptic Soy Agar (TSA; Merck) and quantified after 48 h incubation at 37°C. Chiaetal.
(2011) determined that attachment results obtained from the two methods were not

significantly different.

2b.2.7 Biofilm formation assays

Biofilm formation assays were performed as described by Wang et al. (2013a). A0.1
mL aliquot of 24 h TSB culture was inoculated into 20 mL of TSB and incubated

statically with a hard surface slide at 37°C for 72 h. After incubation the slide was
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washed three times with PBS and placed in a Falcon tube (TPP®, Switzerland)
containing 50 mL of PBS. The tube was sonicated for 10 min using a water bath
sonicator (LC-130H; ELMA, Germany) at room temperature at a frequency of 35 kHz
to detach the biofilm cells into the surrounding PBS. An aliquot of the PBS was serially
diluted, spread plated on TSA and incubated at 37°C for 48 h prior to enumeration.

2b.2.8 Statistical analysis

All assays were carried out in triplicate with independently grown cultures. A Student’s
t-test was performed onall data sets at a 95% confidence level using SPSS software

(PASW Statistics 18; SPSSInc.).

2b.3 Results and discussion

2b.3.1 Effect of sucrose on cell surface hydrophobicity, charge and auto-aggregation

The effectsof sucrose onthe cell surface properties of the five strains studied are shown
in Figure 2b.1. It was found that all strains were hydrophobic (as defined by Gibbons
and Etherden, 1983), ranging from 60 to 90% adhesion to the hydrocarbon. The addition
of sucrose inthe culture medium significantly reduced (p<0.05) the cell surface
hydrophobicity (Figure 2b.1a) of the two S. mutans strains and the S. salivariusstrain
by 62, 52 and 44%, respectively. The addition of sucrose significantly increased (p<0.05)
the hydrophobicity of the A. naeslundii strain by 31% but had no effect (p>0.05) on that
of the S. mitis strain. All strains were negatively charged (Figure 2b.1b) with zeta
potentials ranging from -4 to -12 mV. The net charges of the strains were not affected
(p>0.05) by the addition of sucrose to the culture medium. All strains exhibited
moderate to relatively high auto-aggregation (as defined by Ellenand
Balcerzak-Raczkowski, 1977) (Figure 2b.1c), ranging from 22 to 45%. The addition of
sucrose to the culture medium significantly reduced (p<0.05) the auto-aggregation of S.

mutans ATCC 25175 by 13%, significantly increased (p<0.05) that of the S. mitis strain
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by 21% and had no effect (p>0.05) on that of the other three strains.

The effect of the formation of cell-bound glucan on cell surface hydrophobicity might
be due to the hydrophilic nature of glucan, which reduces the surface tension between
cells and the aqueous medium resulting in a reduced hydrophobicity (Van Ossetal.,
1986). This was, howewer, not the case for the S. mitis and A. naeslundii strains
suggesting that cell surface hydrophobicity is not solely dependent on surface tension.
Based on the assumption that glucan can affect surface tension the reduced
auto-aggregation seen in this study was expected. Vickermanand Jones (1995) onthe
other hand indicated that synthesis of extracellular glucan enhances cellular aggregation
of dental plaque associated bacteria. The changes in auto-aggregation observed in this
study however did not have a uniform patternfor all five strains. It was also found that
glucan did not affect cell surface charge of the strains tested. Based on the soft particle
theory (Ohshima, 2009) this suggests that the glucan film on the cell surfaces was

ion-penetrable and did not carry charge.
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Figure2b.1 The effects of sucrose on (a) surface hydrophobicity, (b) charge and (c)
auto-aggregation of five bacterial strains of oral origin. All results are presented in mean

+ SD with n = 3. Values labeled with the * symbol are significantly different fromthe

control (p<0.05).
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control (p<0.05).
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2b.3.2 Effect of sucrose on bacterial attachment

The effectsof sucrose on the attachment of the five bacterial strains to hydroxyapatite,
glass and stainless steel are presented in Figure 2b.2. The four Streptococci attach to the
hard surfaces in similar numbers to each other ranging from 6.1 to 6.5 log CFU/cm?.
The A. naeslundii strain attached in significantly lower (p<0.05) numbers (~5.5 log
CFU/cm?) than the Streptococci did. The addition of sucrose to the culture medium
reduced (p<0.05) the attachment of the two S. mutans strains and S. mitis strain by 0.6
to 1.3 log CFU/cm? to all of the three hard surfaces, except for the attachment of the S.
mitis strain to hydroxyapatite (p>0.05). The addition of sucrose to the culture medium
also enhanced (p<0.05) the attachment of the A. naeslundii strain to glass and stainless
steel by 0.5 and 1.3 log CFU/cm?, respectively. It had no effect (p>0.05) onthe

attachment of S. salivarius strainto all surfaces.

It is generally agreed in the literature that cell-bound glucan enhances the level and
strength of oral bacterial attachment (Marshall et al., 1971; Vickerman and Jones, 1995).
The results inthis study, however, showed the opposite for three strains. Mukasa and
Slade (1973) indicated that the attachment of S. mutans to glass surfaces could only be
increased by post-formed glucan but not pre-formed glucan. Clark and Gibbsons (1977)
reported areduction inthe attachment of a S. mutans strain grown in sucrose condition
to hydroxyapatite, a finding which is in agreement to this study. This could be due to
the inability of free Streptococcal cells coated with glucan films to adopt the ideal steric
arrangement and strongly interact with the substratum surface (Clark and Gibbsons,
1977) and that an “active’ form of glucan is required to enhance attachment (Mukasa
and Slade, 1973). Cell-bound glucan may also block the attachment sites onthe cell
surfaces and result in reduced attachment (Vickerman and Jones, 1995). The S.
salivarius may have behaved differently to the other strains due to its larger cell size as
compared to other oral Streptococci (Shermanetal., 1943). The A. naeslundii strains
may have behaved differently to the other strains due to its clumped and filamentous

morphology (Colemanetal., 1969) which may affect attachment. In addition,
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cell-bound glucan had a different effect on the attachment of the S. mitis and A.
naeslundii strains to hydroxyapatite as compared to the other two abiotic surfaces. This
may be due to the enlargement of cell size by the glucan film resulting in a different
spatial arrangement of cells on hard surfaces displaying differences in roughness

(Medilanski et al., 2002).

2b.3.3 Effect of sucrose on hiofilm formation

The effects of sucrose on biofilm formation by the five strains on hydroxyapatite, glass
and stainless steel are shown in Figure 2b.3. Both S. mutans strains formeda
significantly greater (p<0.05) amount of biofilm on hydroxyapatite (6.6 to 7.1 log
CFU/cm?) than on the other two surfaces tested (5.2 to 5.8 log CFU/cm?). The biofilm
formed by the two S. mutans strains on hydroxyapatite were also significantly greater
(p<0.05) than the biofilm formed by the other stains on all surfaces (4.7 to 5.6 log
CFU/cm?). The addition of sucrose to the culture medium significantly enhanced
(p<0.05) biofilm formed by the two S. mutans strains, the S. salivarius strainand the A.
naeslundii strain on all of the surfaces by 0.4 to 1 log CFU/cm?. It had no effect (p>0.05)

on biofilm formation by the S. mitis strain.

It was reported by many authors that cell-bound glucan enhanced biofilm formation by
oral bacteria (Abbott etal., 1983; Lynch etal., 2007) which concurs the finding of this
study. This was probably because the glucan was formed after attachment in the assays
used and is due to the ‘sticky’ nature of glucan (Jordan and Keyes, 1966) that ‘glued’ the
cells to the hard surfaces. Bofilm formation by the S. mitis strainwas not enhanced by
glucan and this could be due to the fact that the amount of glucan produced by S. mitis

is approximately 10 fold lower as compared to other oral bacteria (Hamada et al., 1978).
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Figure 2b.3 The effects of sucrose on biofilm formation on (a) glass, (b) stainless steel
and (c) hydroxyapatite of five bacterial strains of oral origin. All results are presented in
mean = SD where n = 3. Values labeled with the * symbol are significantly different

from the control (p<0.05).
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2b.4 Conclusions

This study found that the synthesis of cell-bound glucan can affect cell surface physical
properties, colonization behavior on abiotic surfaces of some dental plaque
forming-associated bacteria but not all of them. There was, however, no clear relation
between the changes in cell surface properties induced by sucrose and the changes in
the colonization behavior. This suggests that the effects of glucan on bacterial
attachment and biofilm formation were strain-dependent and were not purely due to the
physical influence of glucan on the cells. It also indicates that glucan on cell surfaces
does not always enhance bacterial colonization. In conclusion, the role that sucrose
plays in oral bacterial colonization may be dependent on the species, the strain of
bacteriaand the form of the glucan synthesized. Consumption of dietary sucrose may
therefore not always be harmful to dental health but this finding needs to be further

confirmed by in vivo studies.
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Chapter 2c  Effect of Saliva as a Suspending Fluid on

Attachment of Oral Bacteria to Hydroxyapatite

2c¢.1 Introduction

The attachment of oral bacteriato the surface of teeth initiates biofilm formationand a
buildup of dental plague which eventually causes dental caries (Marsh, 1994). It has
been reported that conditions in the oral cavity can influence bacterial attachment (van
Houte and Green, 1974; Whittaker et al., 1996). The presence saliva, for example, isa
factor that can influence oral bacterial attachment to surfaces due to the interactions
between salivary components and bacterial cell surfaces (Gibbons and Qureshi, 1978;

Whittaker etal., 1996).

Studies using saliva coated hydroxyapatite as a substratum for oral bacterial attachment
have found that the coating by saliva enhanced the attachment of oral bacteriato
hydroxyapatite (Gillece-Castroetal., 1991; Ligtenbergetal., 1992). Studies using
salivary components instead of whole saliva as a supplemental material to cell
suspensions, however, have found that the salivary components inhibited the attachment

(Williams and Gibbons, 1975; Murray et al., 1992).

Studies have oftenused saliva as a coating material on hydroxyapatite to model

bacterial attachment in the oral cavity (Otake et al., 1991; Lee et al., 1992; Sharmaet al.,
1993; Vacca-Smithand Bowen, 1998; Matsumoto et al., 1999; Daglia et al., 2002) but
seldom consider the influence of salivaas a suspending fluid for bacteria. In this study
the influence of saliva as a suspending fluid on the attachment of five oral bacteriato

hydroxyapatite (a tooth model surface) (Apellaetal., 2008) was studied.
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2c.2 Materials and methods

2c¢.2.1 Bacterial cultures and growth conditions

Five oral bacterial strains (Streptococcus mutans ATCC 25175, Streptococcus mutans
ATCC 35668, Streptococcus salivarius ATCC 13419, Streptococcus mitis ATCC 49456
and Actinomyces naeslundii ATCC 51655) obtained from the American Type Culture
Collection (Manassas, USA) were used in this study. All strains were maintained on
Mitis Salivarius Agar (MSA,; Difco, USA) at 4°C, and grown in Tryptic Soy Broth (TSB;
Merk, USA) at 37°C for 24 h (48 h for Actinomyces naeslundii) with shaking at 150 rpm.
Bacterial suspensions were prepared by centrifuging 20 mL of TSB cultures bacterial
cultures at 7669 g for 15 min and resuspending the pellet in 20 mL of 150 mM
phosphate buffered saline (PBS; 2.7 mM KCI, 10 mM Na;HPO4, 17 mM KH;PO,4, 150
mM NaCl, pH 7.4; 1% BASE, Singarpore) or saliva (prepared as described below).

2c.2.2 Saliva collection and preparation

Saliva was collected from 10 adult donors (age from 20 to 25) and stored at 4°C before
treatments. Saliva suspending fluid was prepared following the method described by
Matsumoto et al. (1999) with modifications. Briefly, salivawas centrifugedat 12,000 g
for 10 min to eliminate the suspended particles, heated at 60°C for 30 min to inactivate
enzymes, and centrifuged again at 110,000 g for 10 min. The supernatant was filter

sterilized (0.2 pm) and stored at 4°C for further use.

2c.2.3 Bacterial attachment to hydroxyapatite assays

Bacterial attachment to hydroxyapatite was measured as previously described by Wang
etal. (2013a) with modifications. Briefly, hydroxyapatite slides (75x20mm; Clarkson
Chromatography Products Inc., USA) were immersed and incubated at 37°C for 30 min

in 20 mL of a saliva suspension of bacterial cells (containing ~10’ CFU/mL) or ina
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PBS suspension as a null control. The slides were then removed from the suspension,
gently rinsed three times with PBS, placed in a stomacher bag (Gossenlin, France)
containing 50 mL of PBS and pummeled in a stomacher (400P, BigMixer®, France) for
10 min at a speed setting of 1. An aliquot of the stomacher liquid was serially diluted,
plated on Tryptic Soy Agar (TSA; Merk), and incubated for 48 h at 37°C before

enumeration. The numbers of attached cells were expressed as log CFU/cm?.

2c.2.4 Statistical analysis

All assays were performed intriplicate with independently grown cultures. A Student’s
t-test was performed on all data sets using SPSS software (PASW Statistics 18; SPSS

Inc.) at a 95% confidence level.

2¢.3 Results and discussion

The effectsof salivaas a suspending fluid on the attachment of oral bacteriato
hydroxyapatite are shown in Figure 2c.1. The numbers of bacteriasuspended in saliva
that attached to hydroxyapatite were significantly lower (p<0.05; by 1.4t0 1.7 log
CFU/cm?) than for bacteriasuspended in PBS for the four Streptococcal strains. In the
oral cavity a cell density of up to 10* cells/mL is required for bacteria suspended in
saliva to initiate attachment to tooth surfaces (van Houte and Green, 1974). High
molecular weight saliva components, such as salivary mucin, may inhibit the attachment
of Streptococci to teeth by interrupting the interactions between bacterial cell surfaces
and tooth surfaces (Williams and Gibbons, 1975; Gibbons and Qureshi, 1978; Murray et
al., 1992). Those components can bind to bacterial surfaces and occupy the receptor
sites for attachment (Murray et al., 1992). For example, cell surface receptors of many
species of oral Streptococci can be saturated by a group of free salivary components
known as blood-group-reactive glycoproteins (Williams and Gibbons, 1975; Koga et al.,

1990). Inaddition, wall-associated protein A (WapA) on the surfaces of Streptococcus
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mutans and Streptococcus salivarius cells has great binding ability to salivary

components (Hanetal., 2006).

The numbers of Actinomyces naeslundii cells suspended in saliva that attached to
hydroxyapatite were not significantly different (p>0.05) from that of the cells suspended
in PBS (Figure 2c.1). By contrast to the attachment of Streptococci, whichis largely
mediated by cell surface receptors, the attachment of Antinomyces naeslundii is usually

mediated by fimbriae (Whittaker et al., 1996) and therefore is unlikely to be affected by

salivary components.

. J
B} H Control
* l %
: . *
| m Saliva
3.

Streptococcus  Streptococcus Streptococcus Streptococcus Actinomyces
mutans ATCC mutans ATCC  salivarius ATCC mitis ATCC 49456 naeslundii ATCC
25175 35668 13419 51655

log CFU/cm?
L a

+=

Figure 2c.1Effect of salivaas a suspending fluid on attachment of five oral bacteriato
hydroxyapatite. All results are presented in mean+ SD where n = 3. Values labeled with

the * symbol are significantly different from the control (p<0.05).

As mentioned abowe, glycoproteins were found to inhibit oral bacterial attachment to
surfaces. Some authors, however, have reported that immobilized glycoproteins (used as
a coating material) promoted the attachment of many oral bacterial species, including
Streptococcus, Actinomyces and Fusobacterium, to hydroxyapatite (Clark et al., 1989;
Kishimoto etal., 1989; Gillece-Castro et al., 1991; Ligtenberg et al., 1992). This
suggests that saliva components immobilized on hydroxyapatite may serve as receptors
for dental surfaces to attract oral bacteriaand therefore promote oral bacterial
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attachment. This explains the results from previous studies that show that saliva
coatings on hydroxyapatite promoted oral bacterial attachment to surfaces but salivary
components as a supplemental material to cell suspensions inhibited the attachment
(Williams and Gibbons, 1975; Gillece-Castroetal., 1991; Ligtenbergetal., 1992;
Murray etal., 1992). As compared to coating saliva on hard surfaces only, using saliva
as a suspending fluid as well may represent amore realistic model of the situation inthe

oral cavity for studying oral bacterial attachment.

2¢.4 Conclusions

In summary, this in vitro study using saliva as a suspending fluid for oral bacteria
indicates that the reported binding ability of salivary components to oral bacterial cell
surfaces may not promote but inhibit oral bacterial attachment to hydroxyapatite. This
suggests that saliva could be of benefit to dental health with respect to inhibiting
attachment of oral bacteria. The finding also suggests that future studies investigating
the role of saliva in oral bacterial attachment to surfaces should use saliva as the
suspending fluid for bacterial cells as well as a coating material for hard surfaces. This
method is, however, limited by the difficulty in collecting a large amount of saliva.

These findings also needto be further confirmed by in vivo studies.
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Oral Bacteria to Cultured Human
Gingival Fibroblasts
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Wang, Y., Chung, FF.L., Lee, S.M. and Dykes, G.A. (2013) Inhibition of attachment of

oral bacteriato immortalized human gingival fibroblasts (HGF-1) by tea extracts and

tea components. BMC Research Notes 6, 143-147.
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3.1 Introduction

Oral Streptococci such as Streptococcus mutans are pathogens commonly associated
with dental plaque and the formation of caries (Hamilton-Miller, 2001). Inorder to
initiate disease these bacteria must attach to components of the oral cavity such as the

enamel, tongue, saliva or gums (Kolenbrander and London, 1993).

Plant extracts and phytochemicals can inhibit bacterial attachment to abiotic and biotic
surfaces by altering cell surface properties including hydrophobicity, surface charge and
the presence of structures such as flagella (Sklodowska and Matlakowska, 1998; Nostro
etal., 2004; Goulter etal., 2009). Teais one such potential attachment inhibitor
(Tagashira et al., 1997). Non-fermented teas or partially-fermented teas, such as green
tea and oolongtea, have strongbactericidal activity and may inhibit bacterial
attachment to some elements of the gastrointestinal tract (Otake et al., 1991; Yoshino et
al., 1996; Rasheedetal., 1998; Xuetal., 2011; Lee etal., 2006). Fully fermented teas,
such as black tea and pu-erhtea, have less effective bactericidal activity but may inhibit

attachment of bacteriato dental plaque (Friedman, 2007).

Previous studies investigating bacterial attachment and inhibition by phytochemicals to
components of the oral cavity have focused on attachment to hard surfaces such as
enamel (Clark and Gibbons, 1977; Abbott etal., 1983; Xu etal., 2011). Attachment of
bacteriato soft tissues in the mouth can also initiate disease and for this reason we
investigated the effects of tea extracts and teacomponents on attachment of oral

pathogenic bacteriato an immortalized line of connective gingival fibroblasts in vitro.
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3.2 Materials and methods

3.2.1 Bacteria and growth conditions

Five strains of bacteria, namely Streptococcus mutans (ATCC 25175), Streptococcus
mutans (ATCC 35668), Streptococcus mitis (ATCC 49456), Streptococcus salivarius
(ATCC 13419) and Actinomyces naeslundii (ATCC 51655), were selected for this study
and obtained from the American Type Culture Collection (Manassas, USA). All
bacteriawere maintained on Mitis Salivarius Agar (MSA; Difco, USA) at 4°C and
grown in Tryptic Soy Broth (TSB; Merck, USA) at 37°C for 24 h with shaking at 150
rpm for all experiments. Bacterial suspensions were prepared by centrifuging 20 mL of
TSB cultures at 7669 gand 4°C for 15 min, washing the resultant pellet gently with
phosphate buffered saline (PBS; 2.7 mM KCI, 10 mM Na2HPO4, 17 mM KH2P 04,
137 mM NaCl, pH 7.4; 1¥ BASE, Singapore) and resuspending it in 20 mL PBS, tea

extract solutions or teacomponent solutions prepared as described below.

3.2.2 Preparation of tea extracts and tea components

Commercial greentea, oolong tea, black tea, pu-erhtea and chrysanthemum tea (Ten
Ren Tea Co. Ltd., Taiwan) extracts were prepared using 90% acetone (Sigma Aldrich,
USA) at the ratio of 1:20 (wt/vol) for 2 h. The resultant extracts were evaporated under
vacuum at 40°C, freeze dried and stored at -20°C until further use. Using this method
reportedly allows for extraction of more than 95% of the phenolic compounds in tea,
including catechins, myricetin, quercetin and kaempherol (Perva-Uzunali¢ et al., 2006).
Epigallocatechin gallate [EGCg; 95% (vt/vt); Sigma-Aldrich] and gallic acid
(Sigma-Aldrich) were also used as they are major phenolic components of teas.
Specifically, EGCg constitutes approximately 10% of the dry weight of greentea and its
level decreases with increasing degree of fermentation (Petersonetal., 2005). Levels of
gallic acid, on the other hand, increase with fermentation and constitute approximately

0.5% dry weight of black tea (Cabreraetal., 2003). The stock solutions for all
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experiments were prepared by dissolving 100 mg of teaextracts or teacomponentin 10
mL PBS containing 1% (vol/vol) methanol (Systerm, UK) and the resultant solutions

were filter sterilized thougha 0.2 um filter (Millipore, USA).

3.2.3 Determination of total phenolic, total tannin and total flavonoid content

Total phenolic and total tannin contents of the tea extracts were determined using the
Folin-Ciocalteau colorimetric method (Megat et al., 2012). To determine the total
phenolic content, a 15 pL teaextract solution (1 mg/mL) was added to 80 pL of 7.5%
(wt/vol) sodium carbonate (R&M Chemicals, Malaysia) and 75 pL of 10% (vol/vol)
Folin-Ciocalteau reagent (R&M Chemicals) ina well of a microtitre plate (Jet Biofil,
China). The plate was incubated in the dark for 30 min before measuring the absorbance
at 765 nm. To determine the total tannin content, 0.5 mL of the sample solution was
mixed with 0.5 mL of distilled water and 50 mg of poly(vinylpolypyrrolidone) (PVPP;
Sigma-Aldrich) which has a high affinity to tannins. The mixture was vortexed,
incubated at 4°C for 15 min and vortexed again prior to centrifuging at 1409 g for 10
min in order to remove tannins. The supernatant containing non-tannin phenolics was
then quantified using the Folin-Ciocalteau method described above. The difference
between the total phenolic content and the non-tannin phenolic content is the measure of
tannins. A standard curve was plotted using gallic acid, and the total phenolic and total

tannin contents were expressed as ug gallic acid equivalent (GAE)/mg.

Total flavonoid content was measured using the aluminum chloride colorimetric method
(Chang etal., 2002). A50 uL aliquot of tea extract sample dissolved in methanol (1
mg/mL) was added to 10 puL of 10% (wt/vol) aluminum chloride (Bendosen, Malaysia),
10 uL of 1 M potassium acetate (R&M Chemicals) and 80 uL of distilled water in the
wells of a microtitre plate. The plate was incubated at room temperature for 30 min
before the absorbance was measured at 435 nm. The blank was prepared using distilled
water in place of aluminum chloride. A standard curve was plotted using quercetin

(Sigma-Aldrich) and the total flavonoid content was expressed as pg quercetin
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equivalent (QE)/mg.

3.2.4 Cell culture

Immortalized human gingival fibroblast-1 HGF-1 (ATCC CRL-2014) were obtained
from the American Type Culture Collectionand cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 4 mM
L-glutamine (Sigma-Aldrich) and 10% (vol/vol) heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich). No antibiotic supplement was used. Cells were incubated at
37°Cin 5% CO, atmosphere, fed every 48 h and routinely sub-cultured every 5 days
with a splitratio of 1:3 using 1 x trypsin-EDTA (0.05%; Sigma-Aldrich) for 3 min at
37°C.

3.2.5 Bacterial attachment assay

Bacterial attachment assays were as described by Mellor et al. (2009) with some
modifications. Briefly, monolayers of HGF-1 cells were grown in 24-well tissue culture
plates (Jet Biofil) to adensity of 1.8 (+0.2) x 10° cells per well (approximately 100%
coverage). Prior to the attachment assay the culture medium in eachwell was remowved
and the cell monolayer was washed with PBS. The monolayer was incubated at 37°C
for 30 min with 2 mL aliquots of tea extracts or teacomponents (PBS as control)
containing suspended bacteria(~1 x 10’ CFU/mL). The concentrations of the tea
extracts and compounds used to suspend bacteriawere previously determined by
antimicrobial susceptibility assays and cytotoxicity assays to not kill or inhibit the
bacteriaor the HGF-1 cells at the concentrations used in this study (Table 2a.1 and
Appendix I11). After incubation the supernatant in each well was removed and the wells
were washed three times with 2 mL PBS. The monolayer with bacteria attached was
then detached by incubating with 400 uL 0.3 x trypsin-EDTA (at which concentration
trypsin does not kill or inhibit the bacteria) at 37°C for 5 min. The detached bacteria

were then serial diluted, spread plated on Tryptic Soy Agar (TSA; Merck) and
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quantified after 24 h incubation. The ability of bacteriato attach to wells without HGF-1
cells was also determined inorder to ensure that the bacteriaattached to HGF-1 cells
but not to the plastic material of the plate. The numbers of bacteriaattached to the cell

line was expressed as log CFU/well.

3.2.6 Statistical analysis

A one way ANOVA (Tukey’s comparison) was performed on all data sets using
MINITAB software (MINITAB 15.1; Minitab Inc., USA) at a 95% confidence level.

All assays were performed intriplicate with independently grown cultures.

3.3 Results and discussion

The results of total phenolic, total tanninand total flavonoid content assays are
presentedin Table 3.1. The total phenolic and total flavonoid content decreased and
total tannins increased, with an increasing degree of fermentation from greenteato
oolongteato black tea to pu-erh tea. These differences between teas are probably due to
the polymerization of flavonoids (especially flavon-3-ols) into large molecule
polyphenols (tannins) which occur during the fermentation process (Petersonetal.,
2005). Chrysanthemum tea, which is a blend of black teaand dried chrysanthemum, had
similar levels of total phenolic and total tannin to pu-erhtea and similar levels of

flavonoids to greentea. This suggests that dried chrysanthemum is rich in flavonoids.

Baseline data for attachment of the bacterial strains to the cell line and empty wells are
shown in Table 3.2. Bacterial attachment to the cell line was ~2 log higher (p<0.05)
than that to the plastic inthe wells indicating that 90% to 99% of bacteria were attached

to the cell line and validating the assay.
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The results of assays investigating the effect of the teaextracts and teacomponents on
bacterial attachment to the cell line are presented in Figure 3.1. All strains exhibited a
similar ability to attach to the cell line except for Streptococcus salivarius ATCC 13419
which attached in significantly lower numbers as compared to Streptococcus mitis
ATCC 49456 (p<0.05). Greenteaextracts, oolong tea extracts and black tea extracts
inhibited the attachment of Streptococcus mitis ATCC49456 by between~1 and ~2 log
CFU/well (90-99% attachment inhibition; p<0.05), but had no effect on the other strains
(p>0.05). Pu-erhteaextracts and chrysanthemum tea extracts, on the other hand,
reduced the attachment of all Streptococcus strains to cells by between ~2 and ~4 log
CFU/well (99-99.99% attachment inhibition; p<0.05). The attachment of Actinomyces
naeslundii ATCC 51665 to cells was not affected by any of the teaextracts tested
(p>0.05). Of particular note is that the extract of chrysanthemum tea, which, as
mentioned abowe, is a blend of black tea and dried chrysanthemum, had a greater
(p<0.05) effect on inhibiting attachment than the black tea extract alone. This suggests
that the active compounds in the chrysanthemum tea extract were contributed by the
chrysanthemum components and not the black teacomponents of the mix. Pu-erhtea
and chrysanthemum tea extracts, which were found to contain relatively higher levels of
tannin, had a greater effect (p<0.05) than the non-fermented or partially-fermented tea
extracts on Streptococcus strains, suggesting that Streptococci may be more sensitive to
polymeric flavonoids or other large molecule polyphenols with respect to their

attachment to HGF-1.
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Table 3.1 Total phenolic, total tannin and total flavonoid contents of the tea extracts.

Total phenolic content Total tannin content Total flavonoid content
(ng GAE / mg) (ng GAE / mg) (ng QE/ mg)
Green tea 527+34 (a) 149426 (a) 7.30£0.68 (a)
Oolong tea 469128 (a, b) 161+35 (a, b) 4.8910.14 (b)
Black tea 411420 (b, ¢) 241+19 (b, ¢) 2.97£0.59 (c)
Pu-erhtea 349135 (c) 305+34 (c) 1.68+0.68 (c)
Chrysanthemum tea 376x13 (c) 28048 (c) 7.61+0.42 (a)

All results are presented as the means followed by SDs. Values labeled with the same letter are not significantly different (p>0.05) among the tea

extract samples. Tukey’s comparisons were conducted separately for each assay.

Table 3.2 Baseline data for bacterial attachment to the HGF-1 cell line and empty wells.

MeanzSD attachment (log CFU/well)

Streptococcus mutans Streptococcus Streptococcus Streptococcus Actinomyces
ATCC25175 mutans ATCC35668 salivarius ATCC13419 mitis ATCC49456 naeslundii ATCC51655

Attachment to cell

o 4.67+0.25 4.75+0.35 3.68+0.77 511+0.14 4.68+0.34
Altachment to 2.37+0.18 2.38+0.27 2.14+0.49 2.34+0.47 2.19+0.08
empty wells
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Figure 3.1 Effect of extracts and compounds on attachment of oral bacteria. Effect of
tea extracts (a) and EGCg and gallic acid (b) on attachment of five oral bacteriato
HGF-1 gingival cell line (log CFU/well, n=3). Values labeled with the same letter are

not significantly different (p>0.05) among the treatments withina strain. Tukey’s

Chrysanthemum

comparisons were conducted separately for each strain. The * symbol indicates that the

attachment of Streptococcus salivarius was significantly different from that of

Streptococcus mitis (p<0.05).
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Non-fermented or partially-fermented teas, such as greentea and oolong tea, have been
previously shown to inhibit the attachment of Streptococcus mutans to collagen and
tooth surfaces (Friedman, 2007). As indicated, in our study extracts of these teas only
slightly inhibited the attachment of one bacterial strain to the gingival cell line. In
addition, EGCg and gallic acid were found to have no significant effect (p>0.05) onthe
ability of all strains to attach to the cell line. This finding suggests a possible reason for
the relative ineffectiveness of the lower degree fermented tea extracts (greenteaand
oolongtea), which are rich in these compounds, in inhibiting adhesion. Fibronectin (Fn)
is located on the outer surface of the HGF-1 plasma membrane and acts as a receptor
proteinfor oral bacteriasuch as Treponema denticola (Ellenetal., 1994). Streptococcus
mutans and Streptococcus salivarius have wall-associated protein A (wapA) in their
outer membrane that allows themto bind collagen and a wide range of extracellular
matrix moleculesincluding type | collagen, laminin, keratin and Fn (Weerkamp and
Jacobs, 1982; Han et al., 2006). Tea catechins, such as EGCg, have beenreportedto
impair the adhesion promoting ability of Fn (Ogata et al., 1995), and inhibit the
interactions between Fnand attaching cells by binding to the Fn receptor integrin 1
(Suzuki etal., 2006). These catechins should theoretically inhibit attachment but this

was not the case in our study.

3.4 Conclusions

This study suggests that the mechanisms of inhibition of attachment of oral pathogens to
gingival cells by tea or tea extracts may be different than that of inhibition to other
components of the oral cavity. Based on this in vitro study extracts of pu-erh tea and
chrysanthemum tea, in particular, may have the potential to reduce attachment of oral
pathogens to gingival tissue and improve the health of oral soft tissues but this finding
needs to be confirmed by in vivo studies. In order to further assess the situation inthe
oral cavity testing fresh brewed teas (hot water extracts) for adhesion inhibitory effect is

required. The experimental setup used in this study could also be used to evaluate the

93



Chapter 3 Effect of Tea Extracts on Attachment of Oral Bacteria to Cultured Human Gingival Fibroblasts

effect of teaon the adhesion of other oral pathogenic microorganisms, such as Candida
albicans, which have been reported to adhere to human buccal epithelial cells and cause

oral candidosis (Ellepolaand Samaranayake, 1998).
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4.1 Introduction

Attachment and biofilm formation ontooth surfaces are regarded as virulence factors
for oral bacteria. These processes initiate a buildup of dental plaque and eventually
cause dental caries (Marsh, 1994). The virulence of Streptococcus mutans, which is the
major aetiological agent responsible for dental caries (Aas et al., 2008), has been
studied widely, including its ability to attach and form biofilms (Hamilton-Miller,

2001).

Tea (Camellia sinensis) is the second most popular drink worldwide after water.
Commercial tea products are classified into four types based on their degree of
fermentation. These types are greentea (non-fermented), oolong tea (partially
fermented), black tea (fully fermented) and pu-erh tea (post-fermented) (Petersonetal.,
2005). The fermentation process condenses teacomponents (such as epicatechins) into
dimers (theaflavins) and polymers (thearubigins). The degree of fermentation therefore
influences the polymerisation level of tea phenolics (Petersonetal., 2005). Tea has been
demonstrated to benefit oral health through anti-cariogenic activities (Otake et al., 1991).
These activities include direct bactericidal effects against oral bacteria (Rasheed &
Haider, 1998), the inhibition of bacterial adhesion to tooth surfaces (Tagashiraet al.,
1997), the inhibition of glycosyltransferase activity and biosynthesis of glucan (Hada et
al., 1989) and the inhibition of human and bacterial amylase with an associated

limitation on sugar availability for bacterial metabolism (Zhang & Kashket, 2000).

Studies on S. mutans indicate that tea can reduce the attachment of the bacterium to
hydroxyapatite (HA), which is a calcium mineral often used as a model of tooth
surfaces. Otake etal. (1991) showed that green tea could inhibit the attachment of S.
mutans to saliva-coated HA, and that this inhibitionwas due to the interactions between
the teacomponents and the bacterial cells. Matsumoto et al. (1999) found that both

small and large molecules from oolong tea could bind to the surface proteins of S.
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mutans and via this mechanism could reduce the cell surface hydrophobicity, induce
auto-aggregationand prevent bacterial attachment to HA. These studies, while
indicating the potential of teain inhibiting attachment of S. mutans to teeth, did not
examine the outcomes for biofilm formation. Furthermore, these studies only examined
the inhibition of attachment of S. mutans to HAand not other model tooth surfaces, and

did not study the mechanisms responsible for the inhibition to any great extent.

In the current study, extracts of a range of commercial tea products were screened for
the ability to inhibit attachment and biofilm formation by two strains of S. mutans on
glass and HA substrata. Some inhibitory effects were established and the potential
mechanisms behind these were investigated using scanning electron microscopy (SEM)

and phytochemical screening.

4.2 Materials and methods

4.2.1 Bacterial cultures and growth conditions

Two strains of S. mutans (ATCC 25175 and ATCC 35668) were used in this study and
were obtained from the American Type Culture Collection (Manassas, USA). Both of
the strains were maintained on Mitis Salivarius Agar (Difco, USA) at 4°C.

Experimental cultures were grown in Tryptic Soy Broth (TSB) (Merck, USA) at 37°C

for 24 h with shaking at 150 rpm, unless otherwise stated.

4.2.2 Preparation of tea extracts

Extracts of five commercial tea products namely greentea, oolong tea, black tea, pu-erh
tea and chrysanthemum tea (Ten Ren Tea Co. Ltd, Taiwan) were prepared by mixing 1
g of teaproduct with 20 mL of 90% (vol/vol) acetone (Sigma-Aldrich, USA) for 2 h
(Perva-Uzunali¢ et al., 2006). The resulting extracts were evaporated under vacuum at

40°C, freeze dried and stored at -20°C for further use.
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Stock solutions of the teaextracts were prepared by dissolving 100 mg of the extract in
10 mL of phosphate buffered saline (PBS) (2.7 mM KCI, 10 mM Na;HPO4, 17 mM
KH,PQ4, 137 mM NaCl, pH 7.4, 1st BASE, Singapore) containing 1% (vol/vol)
methanol (Systerm, UK) and filter sterilizing though a 0.2 um filter (Millipore, USA).

4.2 .3 Preparation of hard surfaces

Glass slides were painted with 40% (wt/vol) bonding adhesive [60% limestone, 30%
kaolin, 8% ethylene glycol, 1% SiO, and 1% TiO, (all wt), Over Sea Plaster Supply and
Construction Sdn Bhd, Malaysia] and partially air dried for 3 min. The slides were then
coated with a paste consisting of 10% cement [56% CaO, 40% SiO-, 3% Al,03:Fe,03
and 1% MgO (all wt), Over Sea Plaster Supply and Construction Sdn Bhd, Malaysia],
40% (wt) HA powder (Sigma-Aldrich, USA) and 50% (wt) distilled water. Slides were

then air dried for 16 h and sterilized by autoclaving.

Glass slides (5 x 5 mm) were used to model the smoothness of the surface of teeth
(Forsstenetal.,2010), and HA slides (5 x 5 mm) were used as a model for the chemical
composition of teeth (Apellaetal., 2008). The model surfaces were degreased by

soaking in acetone for 30 min, rinsed in distilled water and sterilized by autoclaving.

4.2 .4 Attachment and biofilm formation assays

The attachment assays were carried out as described previously (Goulter etal., 2011)
with modifications. Briefly, bacterial cells were pelleted by centrifuging 20 mL of TSB
culturesat 7669 gfor 15 min at 4°C. The cell pellets were washed gently with PBS and
resuspended in the tea extract solutions at 1.25 mg/mL (containing ~10" CFU/mL). PBS
without the addition of bacterial cells was used as a null control. Preliminary
antimicrobial susceptibility testing had established that the concentration of teaextract

used did not kill or inhibit the bacteria (Table 2a.1). Glass or HA slides were incubated
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in the cell suspensions at 37°C for 30 min without shaking. The slides were then
removed from the suspensions and gently rinsed three times with PBS to remowve any
loosely attached bacterial cells. The attached cells on the glass substratum were stained
with 0.1% (wt/vol) crystal violet (Sigma-Aldrich), on HA substratum 0.1% (wt/vol)
acridine orange (Sigma-Aldrich) was used. The number of cells onthe respective
substratawas determined using light or epifluorescence microscopy (BX51; Olympus,
Japan). A total of 50 fields of view were counted for each slide and the number of

attached cells was expressed as log CFU/cm?.

To study the formation of biofilms, 10 mL of filter sterilized teaextract (with a final
concentration of 1.25 mg/mL) and the attachment substratum (glass or HA) were added
to 10 mL of autoclaved TSB (at double the normal concentration). These flasks were
then inoculated with 0.1 mL of a 24 h old TSB culture and incubated at 37°C for 3 days
without shaking. The same volume of TSB without tea extract was used as a null
control. The biofilm formed was quantified using a method adapted from Cassat et al.
(2007). Briefly, after incubation, slides were washed with PBS (x3) and transferred into
Falcon tubes (TPP®, Switzerland) containing 50 mL of PBS. To detachthe cells from
the biofilm, the tubes were sonicated for 10 min using a water bath sonicator (LC-130H,;
ELMA, Germany) at room temperature witha frequency of 35 kHz. An aliquot of the
PBS was serially diluted, spread plated on Tryptic Soy Agar (Merck, USA) and
incubated at 37°C for 24 h before enumeration. The method was verified and results

indicated that sonication detaches 95-99% of the biofilm cells without killing them

(Appendix II).

4.2.5 SEM study

The experimental and control slides, with attached cells or biofilms, were washed in
PBS, air dried and fixed with 4% (vol/vol) glutaraldehyde (Sigma-Aldrich, USA) in
PBS. The fixed slides were washed a second time in PBS and air dried, followed by

snap freezing with liquid nitrogen and freeze drying. The slides were then
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platinum-sputtered using a sputter coater (Q150RS; Quorum, UK) prior to examination

with a SEM (S-3400N; Hitachi, Japan).

4.2.6 Extraction of tea components associated with bacterial surfaces

A 1L TSB culture of S. mutans (ATCC 25175 or ATCC 35668) was treated with tea
extracts under the same conditions of exposure as those used for the attachment or
biofilm assays. After incubation, cells were pelletedat 12,090 g for 15 minat 4°C using
a large volume centrifuge (6930; Kubota, Japan). To ensure cells were clean, the pellet
was resuspended in 500 mL of PBS before being centrifuged for asecond time. The
resulting pellets were resuspended in 1 L of acetone and incubated for 24 h at 40°C with
magnetic stirring at 700 rpm. The suspensionwas then filtered through 0.2 um bottle
topfilters (Corning, USA). The filtrate was evaporated under vacuum at 40°C and
freeze dried. Controls containing untreated cells were prepared inthe same way. The
dried product was dissolved in 2mL of methanol (Systerm, UK) prior to phytochemical

screening.

4.2.7 Phytochemical screening

Phytochemical screening tests were conducted qualitatively for major phytoconstituents.
The methods are shown in Table 4.1. Total phenolic, total tannin and total flavonoid

contents were determined quantitatively as indicated below.

Total phenolic and total tannin contents were measured using the Folin-Ciocalteau
method before and after treatment with polyvinylpolypyrrolidone (PVPP)
(Sigma-Aldrich, USA), which has a high affinity for tannins. Briefly, to determine total
phenolic content, 20 uL of the sample were added to 100 uL of 10% (vol/vol)
Folin-Ciocalteau’s reagent (R&M Chemicals, Malaysia) and 80 pL of 7.5% (wt/vol)
Na,CO; (R&M Chemicals, Malaysia) in a well of a microtitre plate (Jet Biofil, China).

The plate was placed in the dark for 30 min before the absorbance was measured at 765
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nm. Gallic acid (Sigma-Aldrich, USA) was used to produce a standard curve. To
determine total tannin content, about 0.5 mL of the sample was first mixed with 50 mg
of PVPP and 0.5 mL of distilled water. The mixture was vortexed, incubated at 4°C for
15 min and subsequently vortexed again prior to centrifuging at 1409 g for 10 minin
order to remowe tannins. The non-tannin phenolics in the supernatant were then
quantified using the Folin-Ciocalteau method described above. The difference between
the total phenolic content and the simple phenolic content is the measure of tannins.
Both the total phenolic and the total tannin contents were expressed as pg of gallic acid

equivalent (GAE)/10° cells (Kaur & Kapoor, 2001).

The total flavonoid content was determined using the aluminium chloride colorimetric
method. A 50 pL aliquot of the sample was added to 10 uL of 10% (wt/vol) AICls
(Bendosen, Malaysia), 10 uL of 1 M CH;CO;K (R&M Chemicals, Malaysia) and 130
uL of distilled water in a well of a microtitre plate. The plate was incubated at room
temperature for 30 min before the absorbance was measured at 435 nm. The blank was
prepared using distilled water in place of aluminium chloride and the standard curve
was obtained using quercetin as the substrate (Sigma-Aldrich, USA). The total
flavonoid content was expressed as pug quercetin equivalent (QE)/10° cells (Chang et l.,

2002).

4.2.8 Statistical analysis

A one-way ANOVA with post hoc Tukey’s comparisonwas performed to compare the
attachment and biofilm formation between control and treatments with tea extract, and
to compare the quantities of phytochemicals inthe cell surface coatings between the two
strains of S. mutans. A nested ANOVA was performed to determine which teaextracts
were most effective at inhibiting attachment and biofilm formation. All analysis was
conducted using SPSS software (PASW Statistics 18; SPSS Inc.) at a 95% confidence
level. All experiments were performed in triplicate with independently grown cultures

and all values were expressed as means + SD.
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Table 4.1 Methods for qualitative phytochemical screening.

Phytochemical Method

Reference

A 0.1 mL of sample was added to 0.5 mL of 2 M HCI (Merck, USA) and 0.5 mL of Dragendroff reagent (R&M Chemicals,
Alkaloid Malaysia). The mixture was then centrifuged at 1409 g for 5 min. The presence of orange brown precipitate indicated a
positive result.

A 0.1 mL of sample was boiled with 0.9 mL of distilled water for 15 min. The solution was then cooled, mixed vigorously

Saponin . . - i,
and left to stand for 3 min. Formation of froth indicated a positive result.

A mixture of 0.1 mL of sample and 0.1 mL of 10% (wt/vol) ethanolic a-naphthol solution (Sigma-Aldrich, USA) was added

Glycoside
Y to 0.5 mL of 98% H,SO, (Merck, USA). A purple ring appearing at the interface indicated the presence of glycosides.

A mixture of 0.1 mL of sample and 0.2 mL of 2% (wt/vol) NaCl solution (R&M Chemicals, Malaysia) was centrifuged at
Tannin 1409 g for 5 min. The supernatant was mixed with 0.5 mL of 1% (wt/vol) gelatin solution (R&M Chemicals, Malaysia). The
presence of precipitation indicated a positive result.

Magnesium powder (Sigma-Aldrich, USA) and a few drops of fuming HCI (Merck, USA) were added to 0.1 mL of sample.
Orange, pink and red to purple colours were apparent when flavones, flavonols and/or xanthones were present, respectively. If
zinc was used (Sigma-Aldrich, USA) instead of magnesium, a deep red colour was apparent if flavanonols were present while

Flavonoid

a weak pink colour was apparent if flavanones or flavonols were present.

A 0.1 mL of sample was added to 0.9 mL of chloroform (R&M Chemicals, Malaysia) and 1 mL of acetic anhydride
Terpenoid (Sigma-Aldrich, USA) before adding 2 mL of 98% H,SO, to the mixture. Formation of a reddish brown colour indicated the
presence of terpenoids.

A 0.1 mL of sample was added to 0.9 mL of chloroform before adding 1 mL of 98% H,SO, (Salkowski method). A positive
result was indicated by the formation of two phases with a yellow/green fluorescent colour appearing in the upper layer.

Sterol/steroid

(Kumar et al. 2009)

(Kaur and Arora 2009)

(Silva et al. 1998)

(Nayak et al. 2009)

(Silva et al. 1998)

(Kumar et al. 2009)

(Kumar et al. 2009)
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4.3 Results

The results of the attachment and biofilm assays are presented in Figure 4.1. The
attachment and biofilm formation by the untreated cells of both strains were
significantly (p<0.05) greater on HA than on glass. Bacterial attachment to glass was
reduced significantly (p<0.05) by the extract of oolong tea, for S. mutans ATCC 25175
by 0.6 log CFU/cm? and S. mutans ATCC 35668 by 0.3 log CFU/cm? and by the extract
of black tea for S. mutans ATCC 35668 by 0.3 log CFU/cm?. The attachment of both
strains of S. mutans to HA slides was reduced significantly (p<0.05) by all the tea
extracts tested, by 0.3-0.7 log CFU/cm? depending on the teaextract and the strain
[Figure 4.1(A) and (B)]. Biofilm formation by both strains of S. mutans on glass was
only reduced significantly (p<0.05) by the extract of pu-erh tea, for S. mutans ATCC
25175 by 1 log CFU/cm?® and S. mutans ATCC 35668 by 1.1 log CFU/cm®. However,
biofilm formation on HA was significantly (p<0.05) reduced by extracts of both pu-erh
and chrysanthemum tea for both strains by 1.1-2.6 log CFU/cm?, and by extract of black
tea for S. mutans ATCC 25175 by 1.2 log CFU/cm? [Figure 4.1(C) and (D)]. Notably,
biofilm formation by both strains on HA was significantly (p<0.05) enhanced by extract
of oolong tea. The nested ANOVA conducted to compare the inhibitory effects of the
tea extracts on attachment and biofilm formation, using the S. mutans strain and surface
type as the independent variables, indicated that the extract of oolong teawas the most
effective inhibitor of attachment (p<0.05) and extract of pu-erhteawas the most
effective inhibitor of biofilm formation (p<0.05). For this reason, the effect of oolong
tea extracts on attachment and pu-erh teaextracts on biofilm formation were selected

for further study.

The SEM images in Figure 4.2 show the appearance of attached cells of S. mutans with
and without treatment with the extract of oolongtea. It was observed that cells treated
with the extract of oolong tea had coatings on the cell surface [Figure 4.2(C), (D), (G),
and (H)], which were not present onthe control cells [Figure 4.2(A), (B), (E), and (F)].
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Figure 4.1 Effect of teaextracts on the attachment and biofilm formation by two strains
of S. mutans onglass and HA. Enumeration of the effects of different tea extracts on the
attachment of S. mutans ATCC 25175 (A) and S. mutans ATCC 35668 (B) to glass
slides and HA, and on biofilm formation by S. mutans ATCC 25175 (C) and S. mutans
ATCC 35668 (D) onglass and HA (log CFU/cm?, n=3). Values labelled with the same
letter are not significantly different (p>0.05) among the treatments on the same surface.
*indicates that the attachment or biofilm forming ability of the untreated cells of S.
mutans ATCC 25178 were significantly different from those of S. mutans ATCC 35668
(p<0.05).

The SEM images in Figures 4.3 and 4.4 show the appearance of S. mutans biofilms with
and without treatment with the extract of pu-erhtea. For S. mutans ATCC 25175, it can
be seen [Figure 4.3(C) and (D)] that on the HA substratum treatment with the extract of
pu-erh tearesulted in coated cells of larger size with rougher cell surfaces. The cell
density was also substantially lower compared to biofilm cells from the control [Figure
4.3(A) and (B)]. The distribution of biofilm cells onaflat (glass) surface differed in

treatments with the extract of pu-erh tea. Specifically, the untreated cells formed chains
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Figure 4.2 SEM images showing the effect of oolong teaextracts on S. mutans attached

to a glass surface. A, B = untreated attached cells of S. mutans ATCC 25175; C, D=
oolongteaextract treated attached cells of S. mutans ATCC 25175; E, F = untreated
attached cells of S. mutans ATCC 35668; G, H = oolong teaextract treated attached
cells of S. mutans ATCC 35668. Scale bars =3 um.
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Figure 4.3 SEM images showing the effect of pu-erh teaextracts on biofilms of S.
mutans ATCC 25175. A, B = cells grown without pu-erh teaextracts on HA; C, D=
cells grownwith pu-erh teaextracts on HA; E, F = cells grownwithout pu-erh tea
extracts onglass; G, H = cells grown onwith pu-erh teaextracts on glass. Scale bars = 3

um.
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Figure 4.4 SEM images showing the effect of pu-erh teaextracts on biofilms of S.
mutans ATCC 35668. A, B = cells grown without pu-erh teaextracts onHA; C,D =
cells grownwith pu-erh teaextracts on HA; E, F = cells grownwithout pu-erh tea
extracts onglass; G, H = cells grown with pu-erh tea extracts on glass. Scale bars = 3

um.
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and clusters onthe surface [Figure 4.3(E) and (F)], while the treated cells appeared
individually [Figure 4.3(G) and (H)]. Notably, the large and rough cells seenonthe HA
surface were not present on the flat glass surface and only the coated cells, which had
similar sizes to the control cells, were present. Similar observations were found for S.
mutans ATCC 35668 (Figure 4.4). It was also noted that the control cells of S. mutans
ATCC 35668 [Figures 4.2(E) and (F),and 4.4(E) and (F)] appeared to be surrounded by
a larger quantity of an unidentified coating compared to the control cells of S. mutans

ATCC 25175[Figures 4.2(A) and (B), and 4.3(E) and (F)].

The coatings, which were believed to comprise components from the oolong and pu-erh
teas, were extracted with acetone and analysed using phytochemical screening methods.
The results (Table 4.2) show that the coatings on cells treated with extracts from both
oolong and pu-erhteas (both strains of S. mutans) contained sterols/steroids, tannins,
flavonoids and glycosides. Notably, the untreated cells also contained glycosides. In
addition, the colour response of the flavonoid qualitative test suggested that the

flavonoids present were flavonol/flavanone in all cases (Table 4.3).

The results from the total phenolic and the total tannic quantitative tests (Figure 4.5)
showed that the coatings contained ~21-27% of simple phenolic compounds inall cases
(3.19-4.84 ug GAE/10° cells), and 73-79% of those were tannins (8.51-18.43 ug
GAE/10° cells). The results of the flavonoid quantitative tests are presented in Table 4.4.
The flavonoid content of coatings was 2.68-6.08 ug QE/10° cells. It was noted that the
total phenolic content, the total tannin content and the total flavonoid content inthe
surface coatings of S. mutans ATCC 25175 treated with extracts of both the oolong and
the pu-erh teas were significantly higher (p<0.05) than those of the coatings from S.

mutans ATCC 35668 cells given the same exposures.
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Table 4.2 The results of the phytochemical screening testson cell coatings.

S. mutans ATCC 25175 S. mutans ATCC 35668
Oolong Pu-erh Oolong Pu-erh
Control (attachment) (biofilm) Control (attachment) (biofilm)

Terpenoid - - - - - -
Sterol/steroid - + 5 — + +
Flavonoid — + 5 — 5 5
Tannin - + + - + +
Saponin — — — - - -
Glycoside + + + + + +
Alkaloid — — — — — —

Note: —= a negative reading; + = a positive reading; n=3, using three independently grown cultures. The results for the replicates were

consistent.

Table 4.3 The results of the flavonoid qualitative screening tests on cell coatings.

S. mutans ATCC 25175 S. mutans ATCC 35668
Oolong Pu-erh Oolong Pu-erh
Control (attachment) (biofilm) Control (attachment) (biofilm)
Flavone/xanthone — — — — — —
Flavanonol — — — — — —
Flavonol/flavanone — + + — + +

Note: —= a negative reading; + = a positive reading; n=3, using three independently grown cultures. The results for the replicates were

consistent.
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Table 4.4 The results of flavonoid quantitative tests on cell coatings.

S. mutans ATCC 25175 S. mutans ATCC 35668
Oolong Pu-erh Oolong Pu-erh
Control ttachment) (biofilm)  °™°! (attachment) (biofilm)

Total

flavonoid  0.38+0.04 6.08+0.96 5.47+0.72 0.17+0.08 4.41+0.27 2.68+0.34
content

Note: All results are presented as means = SD (ug QE/10° cells, n=3).

(A) 21%

4.84+151

B tannin

“ simple phenolic

(D)

27%

3.19%0.18

Figure4.5 Quantification (ug GAE/10° cells, mean + SD, n=3) and ratios (%) of
tannins and simple phenolics inthe cell surface coatings. (A) Oolong teaextract treated
cells of S. mutans ATCC 25175, (B) cellsof S. mutans ATCC 25175 grown with pu-erh
tea extracts, (C) oolong teaextract treated cells of S. mutans ATCC 35668, and (D) cells
of S. mutans ATCC 35668 grown with pu-erh tea extracts.
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4.4 Discussion

The result of the attachment assay shows that a greater number of tea extracts had an
inhibitory effect on attachment to HA than to glass for the two S. mutans strains used in
this study (Figure 4.1). This could result from the super hydrophilic nature of HA which
has a water contact angle of 8.11° +1.35°. According to the interfacial thermodynamic
theory (van Oss et al., 1985), this hydrophilic nature will result in weaker hydrophobic
interactions between the surface and the cells of S. mutans, which have beenreportedto
be highly hydrophobic (Nostro et al., 2004), thereby resulting in lower attachment
forces. By contrast, the number of cells attached and in the biofilm was higher on HA
than on glass for both strains of S. mutans (Figure 4.1). This result may be attributed to
the roughness of the HA surface, which provides a larger surface areafor the attachment
of bacterial cells. Although extracts from oolong teawere determined to be the best
inhibitor of attachment, this extract was also found to promote biofilm formation on HA
[Figure 4.1(C) and (D)], this may be because it induces cells of S. mutans to
auto-aggregate (Matsumoto et al., 1999). The results from the current study also showed
that extracts from green tea did not inhibit the attachment of cells or reduce the
formation of abiofilmto any appreciable extent for either strain of S. mutans. This
finding suggests that monomeric tea phenolics alone, which are high in green teas but
lower in fermented teas due to polymerization, might not contribute to inhibiting
attachment and biofilm formation (Friedman, 2007). The inhibitory effect of tea extracts
on cell attachment and biofilm formation observed inthe current study may therefore be
a result of large molecules in the extracts or the synergistic effect of polymeric and

monomeric teaphenolics.

SEM (Figures 4.2-4.4) demonstrated that cells of S. mutans were coated by components
from the tea extracts. This suggests that bacterial cell surface components can bind to
polyphenolic compounds, especially large molecule phenolics (tannins) which have a

high affinity for proteins and carbohydrates (McMahonetal., 2000).
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The biofilm cells coated with extract of pu-erh tea [Figures 4.3(C) and (D), and 4.4(C)
and (D)] had larger sizes and rougher surfaces than untreated cells [Figures 4.3(A) and
(B), and 4.4(A) and (B)]. However, the enlarged cells were present on the HA (rough)
slides but not on the glass (flat) slides [Figures 4.3(G) and (H), and 4.4(G) and (H)],
suggesting that the enlarged cells cannot form a biofilm on the smoother surface. This
could be attributed to the roughness of the HA surface which may affect the initial
attachment of the bacterial cells (Goulter etal., 2011) and subsequently also influence
the formation of abiofilm. The increased size of the cells may also alter the steric
arrangement between them, altering initial attachment and resulting in cells not
attaching in clumps or chains (Clark and Gibbons, 1977). The SEM images also show
that treatment with the extract from pu-erh teaaltered the distribution of cells inthe
biofilm formed on glass. Cells arranged in chains and clusters [Figures 4.3(E) and (F),
and 4.4(E) and (F)] were replaced by cells attached individually [Figures 4.3(G) and (H),
and 4.4(G) and (H)], suggesting that extract of pu-erhtea may alter cellular aggregation.
As outlined abowe, tea coatings that can affect cell surface properties and therefore
attachment may also alter cell to cell interactions. It is also possible that components of
tea might coat the surface of the substratum, especially HA (tea is known to stain tooth
surfaces), as the substratum slides were incubated with the cell suspensioninthe
presence of teaextract during the attachment and biofilm assays. Any coatingon the
surface of the substratum might also affect cellular attachment and biofilm formation.
This approach simulates what is likely to happen in the mouth if bacteriaare exposed to
tea, and further research is required to establish what effect tea has in terms of coating

the surface of the substratum.

Glycosides, sterols/steroids, flavonoids and tannins were found in the coatings covering
the cell surfaces (Table 4.2). Glycosides were also present in the controlsand are
probably components of the cells themselves rather than arising from the coatings. The

presence of sterols/steroids was determined by the Salkowski method, which indicated
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the presence of indolic compounds (Glickmann and Dessaux, 1995). The positive
results observed could be due to the presence of teaindoles which are usually
components of the flavour or the pigment compounds of tea (Kubo and Morimitsu,
1995). The flavonoid components of the coating were identified as flavonol or
flavanone (Table 4.3). Tea does not contain flavanones but it does contain three
flavonols, quercetin, kaempferol and myricetin (Wang & Helliwell,2001). Quercetin
and kaempferol are highly water insoluble and since experiments were conductedina
water-based system (PBS), myricetin was the most likely flavonol present in the cell
coatings. Howe\er, since there is no screening method for flavon-3-ols, which are a
major phenolic constituent in low-degree fermented tea (such as oolong), and
flavon-3-ols have been reported to be able to bind to various types of proteins (Mori et
al., 2010), itis also reasonable to assume that flavon-3-ols were also part of the
flavonoid content in the coatings of cells treated with extract of oolong tea. In the
qualitative and quantitative phytochemical screeningtests, tannins are regarded as large
molecule (MW>500) polyphenolic compounds. Dimers or polymers of flavon-3-ols,
namely theaflavin and thearubigin, are the most common tannins in tea products
(Graham, 1992), and were assumed to be the major tannin component in the cell

coatings.

The phenolic constituents found in the coatings on the bacterial cells were mostly
hydrophilic but they still contained hydrophobic moieties, such as aromatic rings, which
may interact with hydrophobic components of the cell membrane (Nalinaand Rahim,
2007). Therefore, it is suggested that the hydrophilic moieties (such as hydroxyl groups)
of the phenolic compounds may be exposed onthe cell surface and ‘neutralize’ cell
surface hydrophobicity. This would result inan enhanced interaction between the cells
and the liquid (water-based) medium, but a reduced interaction between the cells and
the surface during attachment to a substratum. In addition, coating of the cell surface
may block surface proteins and structures that interact with the surface of the

substratum.
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The ratio of tannins to simple phenolics ineach of the coatings was approximately 3:1
(Figure 4.5) suggesting that larger molecule polyphenols bind more readily to surface
components of the S. mutans cell than smaller compounds. In general, tannins have a
higher affinity for proteins (Rawel et al, 2006) and carbohydrates (Shahidi and Naczk,
2004) compared to simple phenolics. It has been suggested that the proteins onthe
surface of S. mutans play an important role inthe interactions between bacterial cells
and polyphenols (Matsumoto et al., 1999). The preferred binding sites of phenolic
compounds are usually hydroxyl groups and this can facilitate interactions with proteins,
particularly tryptophan residues, either via covalent bonds or non-covalent bindings
such as hydrogen bonds and electrostatic attraction (Rawel et al., 2006). Tannins have
more hydroxyl residues than simple phenolics and therefore may exhibit higher binding
efficiencies to surface components of S. mutans cells. Astudy by Matsumoto et al.
(1999) also indicated that it was the polymeric polyphenols inoolong teathat were
responsible for the alteration inthe surface properties and the inhibition of attachment

of cells of S. mutans.

The total flavonoid, total tannin and total phenolic contents (Figure 4.5 and Table 4.4)

in the surface coatings of S. mutans ATCC 25178 were approximately one third higher
(p<0.05) than those of S. mutans ATCC 35668, suggesting that S. mutans ATCC 25178
cells bind to teacomponents more readily. This could be due to a higher amount of an
unidentified substance (possibly extracellular polysaccharide) surrounding the cells of S.
mutans ATCC 35668. This substance might occupy or block some of the binding sites
on the cell surface thereby reducing the amount of components that can bind from the
tea extracts. This feature of the data also highlights the importance of strain variation in

investigating mechanisms to prevent bacterial adhesion to surfaces.

Additional studies are required to simulate the situation in the oral cavity more

realistically. For example, it would be useful to investigate the effect of teaonwild type
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S. mutans, isolated from the human oral cavity which may behave differently from
laboratory strains. In addition, the effect of teaextracts on cells broken off froma
pre-existing biofilm and planktonically grown cells may also be different. The
concentrations of teaextracts used in this study [which were at sub-minimum inhibitory
concentration (MIC) levels] were lower than those ina cup of freshly brewed tea, which
may reach a dose that is inhibitory or lethal to cells of S. mutans, especially in the case
of greenand oolongtea (Xu etal., 2012). It is therefore likely that immediately after tea
consumption, cells of S. mutans inthe oral cavity could be killed or inhibited. The
concentration of teawill subsequently be diluted gradually by saliva to sub-MIC lewel,
at which point the attachment of cells or biofilm formation may be suppressed.
Furthermore, teamay have concomitant effects on dental surfaces, which could also
influence the potential for attachment by bacterial cells and subsequent biofilm

formation.

4.5 Conclusions

In summary, components inthe extract of oolong teareduced the attachment of cells of
S. mutans and components in the extract of pu-erh teareduced biofilm formation.
Specifically, it is suggested that flavonoids, tannins and indolic compounds coat the
surfaces of cells, probably altering cell surface properties and thereby affecting the

interactions between bacterial cells and the surface of the substratum.
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Chapter 5

Modeling of Bacterial Attachment:
Predictability and Stochasticity

The work presented in this chapter represents the following publication submitted for

peer review.
Wang, Y., Lee, S.M., Gentle I.R. and Dykes G.A. (Submitted) A mathematical approach

for modeling the physicochemical process of bacterial attachment to abiotic surfaces.

Environmental Science & Technology.
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Chapter 5a XDLVO Study of Attachment of Oral Bacteria

to Hard Surfaces

5a.1 Introduction

Mechanistic mathematical models are often used to predict bacterial attachment to
abiotic surfaces (van Oss etal., 1986; Chenet al., 2011; Warning et al., 2013). The most
commonly used model reported in the literature is the extended XDLVO theory
(Roosjenetal.,2006; Bayoudha et al., 2009; Chiaet al., 2011; Nguyen etal., 2011a)
which establishes and uses the energy profiles of Lifshitz-van der Waals (LW),
electrostatic (EL) and short range Lewis acid-base (AB) (hydrogen bonding)
interactions between bacterial cells and the substratum surface. The outputs of the
XDLVO model provide some understanding of the mechanism of bacterial attachment

in many cases (Jucker etal., 1997; Bosetal., 1999; Hermansson, 1999).

The experimental results of the determination of oral bacterial attachment (S. mutans
ATCC 25175, S. mutans ATCC 35668, S. salivarius ATCC 13419, S. mitis ATCC 49456
and A. naeslundii ATCC 51655) to the hard surfaces (glass, stainless steel and
hydroxyapatite) obtained from Chapter 2a (Figure 2a.2) were compared to those
predicted by the XDLVO theory by establishing the attachment interaction energies. The
results for the attachment of A. naeslundii ATCC 51655 were also examined by XDLVO
even though cell counts were determined differently as Chia et al. (2011) determined
that results obtained from the two methods (direct counting under a microscope and
spread plating after stomaching; Chapter 2a) were not significantly different. In order to
calculate the interaction energies, zeta potentials and contact angles of all strains and

hard surfaces were determined.
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5a.2 Methods and materials

5a.2.1 Zeta potential measurements

The ZPs of bacteria were obtained from Chapter 2a. The ZPs of the hard surfaces were

obtained from the literature (Reynolds and Wong, 1983; Chiaetal., 2011).

5a.2.2 Contact angle measurements

Contact angle measurements were performed on the hard surfaces and on lawns of the
bacteriaas previously described by Nguyen et al. (2011a). Abacterial lawn was
prepared by filtering 20 mL of bacterial suspension (containing approximately 10°
CFU/mL) through a membrane filter (pore size: 0.22 um, pore diameter: 25 mm;
Millipore) using negative pressure. The cell-filter was air-dried for 30 min, attached to a
glass slide using double sided tape and further dried using a freeze drier (FDU-2100,
Eyela, Japan) overnight. A2 uL drop of liquid was placed onto a hard surface or
bacterial lawn using a 10 pL syringe fitted with a needle gage (Ramé-Hart Inc., USA)
and the contact angles were measured using a goniometer (Model 250, Ramé-Hart Inc.)
with the aid of DROPimage software (Ramé-Hart Inc.). For each material, 10 drops of
liquid were measured on each of three independently prepared surfaces and the mean

values were reported inthis study.

The contact angles were used to calculate the energy characteristics of the bacteriaand

materials using Young’s equationgiven by Bos etal. (1999).

2 LW | LW 2 +, - 2 -+
C0592—1+ \/75 7I + \/ysyl + \jysyl (5a1)
7 i 7

Where YV is the LW component of surface tension (mJ/m?), Y and Y™ are respectively

the electron acceptor and donor parameters of AB component of surface tension
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(md/m?), 0 is the contact angle and Y] is the surface tension (mJ/m?) of the liquid. The
subscripts s and I stand for the solid surface and the liquid used in the measurement

respectively.

The contact angles of three liquids [water, 1-bromonaphthalene (Sigma-Aldrich) and
formamide (Sigma-Aldrich)] with known surface tension components (Bosetal., 1999)
were measured in order to calculate the surface tension components of the hard surfaces

and the bacteria.

5a.2.3 XDLVO calculation

According to XDLVO theory, the overall interaction energy between a cell and a surface
[AG*P-Y°(1)] as a function of the separation distance (1) between them, is the sum of LW

[AGY(1)], AB [AG*®(1)] and EL [AG®"(I)] interaction energies (van Oss, 1989).

AGYO () = AGY (1) + AG™ (1) + AG™(1) (5a.2)

The energy values for the interaction components [AG""(l), AG"®(I) and AG™"(I)] are
given by Bosetal. (1999). The separation distance dependent LW interactionenergy is

obtained from:

woy Al 2r(@+r)|  (1+2r
AGH (1) = 5[—|(1+2r)} In( | j (5a.3)

where r is the radius of the bacterium (0.75 um) and A is the Hamaker constant, which

can be determined by:

Ay, = —ﬁ = —2(\/ e X\/ yo ) (5a.4)
0
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where AGYY is the LW component of the free energy of adhesion at contactand I is

the minimum separation distance (0.157 nm). The subscript b stands for bacteria.

The separation distance dependent AB interaction energy can be calculated by:

-1
AGAB(I)=2mAG§,iiexp( ”/1 j (5a.5)

where 4 is the characteristic decay length of AB interaction in the liquid medium (13 nm
for hydrophobic bacteria) (Nguyen etal., 2011a), AGZ, isthe AB component of the

free energy interaction at contact, which can be calculated by:

4625 = 2|5~ Now = )W = Wos = -G = W =4 )

(5a.6)

The separation distance dependent EL interaction energy can be calculated by:

EL _ 2 2 Zégbzgsz 1+eXp(_’d) _ _
AG (I)_maaor(éb + & ){§j+§j In[]_exp(_’d)}ﬂn[J exp( sz)]} (5a.7)

where &, denotes the dielectric permittivity of vacuum (8.854x102Jm™* V%) and ¢
denotes the relative permittivity of the liquid medium (78.2 for water) (Bos et al., 1999),
£1s the ZP in the surrounding liquid medium and « is the inverse Debye layer thickness
[3.28 x 109\/? m™, where | is the ionic strength of the electrolyte interms of molarity

(i.e.150 mM)] (Bayoudh et al., 2009).
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5a.3 Results

5a.3.1 Interaction energy profiles

Table 5a.1 shows the contact angles, surface tensions and ZPs of the bacteriaand the
hard surfaces examined in this study. Results of water contact angle measurements
represent the hydrophobicity of the substratum surfaces and the bacteria. Stainless steel
was the most hydrophobic surface among the three and hydroxyapatite was the most
hydrophilic one. The hydrophobicity values of the bacteria obtain using CAM were
compared with those obtained using BATH assays (Chapter 2a) using regression
analysis. No clear correlationwas observed froma linear or a Spearman rank regression

(p>0.05).

Based on the result of CAM and zeta potential measurements the pairwise interaction
energies between the bacteriaand hard surfaces were calculated and shown in Table

5a.2. Anegative value indicates an attractive force between the cell surface and the
substratum surface. S. mutans ATCC 35668 had the highest interaction energies with all
surfaces amongall strains at approximately -3000 to -5000 x 10 J while A. naeslundii
ATCC 51655 had the lowest energies at approximately -2000 to -3000 x 10" J. Notably,
The energies AB interactions were in general greater than those of LW and EL

interactions by four to five orders of magnitude.

The profiles of change in total interaction energy as a function of separation distance
between bacterial cells and substratum surfaces are shown in Figure 5a.1. There was
only one deep energy minima without an energy barrier observed from each of the
profiles, indicating that the attraction force dramatically increased with a reducing

separation distance in all cases.
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Table 5a.1 Contact angles, zeta potentials and surface tension energies of the five oral bacteriaand three hard surfaces.

Contact angle (°)*

Surface tension (mJ/m?)

Bacterial and substratum surface ZP (mV)
Os OF Ow r r Y

S. mutans ATCC 25175 18.0£3.2 442+3.1 39.3+4.2 42.3 0.26 1.66 -4.1+2.3

S. mutans ATCC 35668 36.8+4.4 44.0+2.1 57.844.4 36.0 0.34 0.10 -4.4+1.8

S. salivarius ATCC 13419 19.0+2.0 32.443.9 34.313.1 42.0 0.03 4.16 -9.6+0.9

S. mitis ATCC 49456 16.0£1.3 54.848.3 32.4+4.0 42.7 241 0.47 -10.6+0.4

A. naeslundii ATCC 51655 28.515.0 39.316.5 28.2+3.2 41.7 0.12 5.25 -11.9+1.4
Glass 39.613.1 39.4+0.7 48.9+1.0 34.8 0.54 1.54 -23.6
Stainless steel 25.612.0 84.6+2.8 97.2+3.3 40.2 4.26 41.91 -25.0°
Hydroxyapatite 4.8+0.5 36.7x1.7 8.1+1.4 442 0.42 6.01 -9.1°

% 0, OF and Oy represent contact angle measurements of 1-bromonaphthalene, formamide and water respectively.

® The ZP of glass and stainless steel were reported by Chia et al. (2011) and the ZP of hydroxyapatite was published by Reynolds and Wong

(1983).
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Table 5a.2 Lifshitz van der Waals (1G™"), Lewis acid-base (1G"®), electrostatic (41G™") and total (4G*°-"°) interaction energies (102 J) between

five oral bacteriaand three hard surfaces based onthe XDLVO theory at the minimum separation distance (0.157 nm).

Glass Stainless steel Hydroxyapatite
strain AGY  AGM®  AGFE  AGPH° AG™  AG®  AGF- AGPH AGY  AG™®  AGFH AGPHP
S. mutans ATCC 25175 -0.02 -4183 -0.32  -4189 -0.01  -3198 -0.40 -3199 -0.01 -4168 0.10 -4168
S. mutans ATCC 35668 -0.02 -5157 -0.27  -5158 -0.02  -4057 -0.35 -4057 -0.01 -5158 -0.12  -5158
S.salivarius ATCC 13419  -0.02 -3662 0.53  -3661 -0.01  -2572 051 -2572 -0.01 -3582 0.34  -3582
S. mitis ATCC 49456 -0.02 -3792 0.68  -3791 -0.01  -3374 0.67 -3373 -0.01 -3932 0.38  -3932
A. naeslundii ATCC 51655 -0.02 -3224 0.86  -3223 -0.01  -2297 0.86 -2297 -0.01 -3169 041  -3169
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Figure5a.1 Changes in the total interaction energiesas a function of distance between
five oral bacteriaand three hard surfaces [(A) glass, (B) stainless steeland (C)

hydroxyapatite] calculated using the XDLVO theory.
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5a.3.2 Predictability of attachment by XDLVO

A scatterplot of bacterial attachment against XDLVO interaction energy at the minimum
separation distance is shown in Figure 5a.2. The XDLVO theory failed to predict the
attachment of S. mitis ATCC 49456 to all surfaces and also the attachment of all strains
to stainless steel. Interestingly, the interaction energies between hydroxyapatite and the
bacterial cells were similar to those between glass and the bacterial cells, but the
attachment of the bacteriato hydroxyapatite was significantly greater than to glass

(p<0.05).
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Figure 5a.2 Scatterplot of attachment of oral bacteria against overall attachment
interaction energy (1G*°-'°). SM2: S. mutans ATCC 25175; SM3: S. mutans ATCC
35668;SS: S. salivariusATCC 13419; SMi: S. mitis ATCC 49456; and AN: A.
naeslundii ATCC 51655.
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5a.4 Discussion

Although both BATH assay and CAM measure the hydrophobicity nature of the surface
of bacterial cell and interpret it in different ways, the results should theoretically be
correlated to each other. This was however not the case in the present study. The
discrepancies between the hydrophobicity results obtained from the two methods might
be due to the difficulty in measuring the contact angle of a drop of liquid on a bacterial
lawn as bacterial lawns can absorb liquid droplets that are placed on them. Also, the
accuracy of CAM highly depends on the wetness of bacterial lawns which greatly
affects the surface tension energies calculated by Young’s equation (Drumm et al., 1989).
In BATH assays, electrostatic interactions between the hydrocarbon and bacterial cells
may have an influence onthe resulted hydrophobicity value, which can be eliminated
by adjusting the pH of the suspending buffer solution to the bacterial isoelectric point
(pl value). In addition, these methods estimate cell surface hydrophobicity by
quantifying the bulk hydrophobicity of a massive amount of cells which can greatly be
affected by other interactions such as cell to cell interactions (Nguyenetal., 2011a).
These discrepancies between methods can result indifficulties in study the mechanisms

of bacterial attachment.

The interaction energy data shown in Table 5a.2 indicate that AB interaction energy
dominated the overall energy in the case of attachment of all bacteriato all surfaces
examined. Hydrogen bonding could therefore be the key interaction contributing to the
attachment of the oral bacterial strains in the system used. It was suggested in the
literature that Streptococci in general possess relatively more ligand-receptor sites
available for hydrogen bond formation ontheir cell surfaces than many other bacteria
do (Chenetal., 2011). For instance, a Streptococcus cell attached to stainless steel
through 60 short-range bonds (Mei et al., 2009), and only 12 short-range bonds were
formed between an Escherichia coli cell and a silicon nitride AFM tip (Abu-Lail and
Camesano, 2006). The greatness of an AB interaction energy over other interaction

energies usually result inan extremely deep energy minima and the absence of an
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energy barrier (Hermansson, 1999), which has been shown in the present study.

The XDLVO theory failed to predict the attachment of S. mitis ATCC 49456 suggesting
that in cases of S. mitis there were non-physiochemical factors, such as surface
appendages and outer membrane proteins, affecting attachment (Murray et al., 1986;
Goulteretal., 2009). The XDLVO also failed to predict attachment to stainless steel
suggesting that that this surface has some factors contributing to attachment other than
the parameters considered by XDLVO. For example, stainless steel is aconductive
surface onwhich charge can transfer to and from bacterial cells resulting ina change of
electric potential and in turn affecting attachment (Poortingaetal., 1999). The failure to
predict attachment may also be due to the stochasticity of the process under some
conditions. For example Chia et al. (2011) indicated that stochasticity depends on the
magnitude of bacterial cell surface and the substratum surface properties and suggested
that attachment is predictable only when values of cell surface properties are
significantly different between different bacterial strains. Inaddition, biological
variability plays a role inbacterial attachment and consequently affects the predictions
by XDLVO which are solely deterministic without taking noises into account. It was
apparent that the attachment of all strains to hydroxyapatite was greater than to glass
and this could be due to the roughness of the hydroxyapatite surface (Figure 2a.4), a
feature that is not considered by XDLVO. The XDLVO theorywas originally designed
to predict attachment and aggregation in colloidal systemsand it is therefore not an
optimal model for bacterial attachment systems even though it is widely used for them.
An empirical model which accounts for biological variability (using probability
distributions) and more physicochemical parameters (such as substratum surface
roughness) should be developedin order to predict bacterial attachment in a better way.
In addition, bacterial and substratum models used to study bacterial attachment in future
research should include large ranges of values of physicochemical parameters, inorder

to gain better understanding on the feature of stochasticity.
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5a.5 Conclusion

The XDLVO study reveals that the key mechanism for the attachment of the oral strains
to the hard surfaces could be AB interactions. However, XDLVO failed to fully predict
the attachment due to inaccuracy of CAM and the lack of consideration of other key
parameters such as substratum surface roughness and biological variability. This leads
to a need to develop a new approach to model bacterial attachment to hard surfaces

accounting more physicochemical parameters and using probability distributions.
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Chapter 5b Mathematical Modeling of the Physicochemical

Process of Bacterial Attachment

5b.1 Introduction

Bacterial attachment to surfaces which can directly or indirectly result inbiofouling is
of concerninmany spheres such as medicine (Goulter et al., 2009), food safety (Rivas
etal., 2007; Warning and Datta, 2013), engineering (Li and Logan, 2004; Warning and
Datta, 2013) and the environment (Warning and Datta, 2013). Understanding the
mechanism of bacterial attachment and controlling and minimizing it is therefore
important. The mechanical process of bacterial attachment has been extensively studied

but is still not well understood (Goulter et al., 2009; Warning and Datta, 2013).

Previous researchers investigating the mechanisms of bacterial interaction with hard
abiotic surfaces have generally attempted to correlate one or more potential
physicochemical factors, such as bacterial surface hydrophobicity, charge or substratum
surface properties, with the numbers of bacteriaattaching to a surface (Liuetal., 2004;
Rivas etal., 2007; Salerno et al., 2009). Mathematical models have been developed as

part of these studies and applied in mechanistic studies (Warning and Datta, 2013).

Mechanistic models, such as the thermodynamic theory;,
Derjaguin-Landau-\erwey-Overbeek (DLVO) theory and extended
Derjaguin-Landau-\erwey-Overbeek (XDLVO) theory (van Oss et al., 1986; Chen et al.,
2011), that linearly relate bacterial attachment to different physicochemical interactions
are widely used for predicting bacterial attachment to hard abiotic surfaces but they

have not been able to fully explain the process in many cases (Chenetal., 2011; Chia et
al., 2011; Nugyen etal., 2011; Warning and Datta, 2013) due to specific limitations. For

example, thermodynamic theory only takes hydrophobic interaction between bacteria
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and substratum surfaces into account but does not consider electrostatic interactions
(van Oss, 1989). The XDLVO theory on the other hand accounts for Lifshitz-van der
Waals, electrostatic and Lewis acid-base interactions, but it assumes that substratum
surfaces are perfectly smooth and uniform (Salerno et al., 2009) and bacterial cells are
uniformin size (Chiaetal., 2011), which s usually not the case. Of more fundamental
concernis that mechanistic models are generally deterministic and do not take
biological variability into account. The development of empirical models and
semi-empirical modelsis an approach often used to represent bacterial attachment.
Many of these models, however, only consider one or two variable parameters without
controlling other factors or considering interactions between the parameters (Medilanski
etal., 2002; Liand Logan, 2004; Kang and Choi, 2005; Salerno et al., 2009; Tang et al.,
2009). Inaddition, the parameters used in these models are often varied across small

ranges limiting the value of these models (Salerno etal.,2009; Tang etal., 2009).

In this study an empirical model was constructed based on six surface parameters:
bacterial surface hydrophobicity, charge, cell size, substratum surface hydrophobicity,
charge and roughness. The parameters were varied across alarge range and interactions
between the parameters were taken into consideration. The outputs of the empirical
model were then substituted into a normal approximated binomial distribution model to
build a semi-empirical model which probabilistically better represents bacterial

attachment to hard abiotic surfaces.

5b.2 Materials and methods

5b.2.1 Model description

A semi-empirical approach for modeling bacterial attachment to abiotic surfaces was
established in this study. It involves a combination of an empirical model and a normal
approximated binomial probability distribution model and therefore can both

deterministically and probabilistically predict attachment.
134



Chapter 5 Modeling of Bacterial Attachment: Predictability and Stochasticity

The empirical model uses hydrophobic interactions, electrostatic interactions, bacterial
cell size and substratum surface roughness as predictors and has the probability of
attachment of an individual cell as a deterministic response output. This model is based

on a polynomial linear regression expressed as:

p(%) = X _ax Hydrophobic interaction + b x Electrostatic interaction (5b.1)
n :

+ cx Substratum surface roughness-+dx Cell size+e

where p is the probability of attachment of an individual bacterial cell (%), x is the
number of bacterial cells attached to a surface, n is the total number of bacterial cells in
the system, a, b, ¢ and d are coefficients for the predictors and e is a constant.

In order to establish a semi-continuous empirical model, two bacteriawith different
surface hydrophobicity, charge, and cell size were mixed at different ratiosto create
gradient values of these properties. Similarly, two substratum surface materials with
different hydrophobicity, charge and roughness were mixed at different ratios for the
same purpose. Pairwise assays of bacterial attachment for the different ratios of bacteria
to different ratios of substratum surface materials were conducted. In this model
bacterial cells were considered as colloidal particles regardless of the species and
biological properties (such as outer membrane components and surface appendages).
The hydrophobicity of, and charge on, bacteriaand substratum surfaces as well as
substratum surface roughness and cell size were quantified as bulk properties as

described below.

To extend the value of this model the response of the empirical model (p) was
substituted into a binomial distribution model as the dichotomous random variable and
used to plot a probability distribution curve. This could be usedto predict the
probability of attachment to a surface of a given number of bacterial cells [equation

(5b.2)] or bacterial cells withina given interval [equation (5b.3)] as follows:
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] n! X n-x' 5

where P is the probability of x’ number of bacterial cells attaching to a surface and x” is
discrete random variable (in this case the number of bacterial cells).

or:

jx’f'(x' )dx':P':J.Xl#px'(Z—p)”‘x' X (X0<x’<x1) (5h.3)
X | X1(n=x)!

where P’ is the probability of a given interval (Xo to x;) of bacterial cells attachingto a

surface.

The values of nand x” are generally too high for a binomial distribution plot because a
large total number results ina curve covering a small range of possible outcomes of
discrete random variables (i.e. a small range of possible numbers of attached bacterial
cells). Insuch cases predictions are unlikely to be accurate. Bacterial attachment to
surfaces generally involves large numbers of cells in the system. For this reason
predictions are not specific for each cell but for groups of cells. Inthe distribution
model, nand x’ values were therefore substituted by a unit number [1 unit = 1 million
(10°) CFU] for practical purposes. This approach resulted in the distribution model
becoming a normal approximated binomial distribution and its response is the
probability of x” unit(s) of bacterial cells attaching to a surface (P) or the probability of

an interval of units [Xo unit(s) to x; unit(s)] of bacterial cells attaching to a surface (P’).
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5b.2.2 Experimental methods

5b.2.2.1 Bacterial culture and growth conditions

Streptococcussalivarius ATCC 13419 (relatively hydrophobic, negatively charged,
relatively larger in size; Table 5b.1) and Escherichia coli ATCC 700728 (relatively
hydrophilic, positively charged, relatively smaller insize; Table 5b.1) were obtained
from the American Type Culture Collection (Manassas, USA) and maintained on
Tryptic Soy Agar (TSA; Merck, USA) at 4°C. For all experiments both strains were
grown in Tryptic Soy Broth (TSB; Merck) at 37°C for 24 hwith shaking at 150 rpm.

5h.2.2.2 Preparation of bacterial suspensions

A 20 mL aliquot of each TSB culture was centrifuged at 7669 g at 4°C for 15 min. The
pellet was gently washed with 150 mM phosphate buffered saline (PBS; 2.7 mM KCl,
10 mM Na;HP Oy, 17 mM KH;PO,, 137 mM NaCl, pH 7.4; 1% BASE, Singapore) and
resuspended in 20 mL PBS at a cell density of approximately 2.5 x 10° CFU/mL for S.
salivarius and 3.5x10° CFU/mL for E. coli. Bacterial suspensions were prepared by
mixing the two bacteriaresuspended in PBSat aratio of 10:0, 8:2, 6:4,4:6, 2:8 and 0:10
(CFU:CFU) to a final cell density of 1 x 10" CFU/mL.

5hb.2.2.3 Cell surface hydrophobicity (CSH) measurement

Cell surface hydrophobicity was measured as a bulk property using the Bacterial
Attachment to Hydrocarbon (BATH) assay (Rosenbergetal., 1980). Briefly,a3 mL
aliquot of bacterial suspensionwas mixed with 1 mL of hexane (as the hydrocarbon;
Sigma-Aldrich, USA) and vortexed for 2 min. The mixture was allowed to separate for
1 h. The ODss of the aqueous phase was measured before (Ay) and after (A) addition of
hexane. The hydrophobicity was expressed as % Binding to hexane = (1 — A/A;) X
100%.
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5hb.2.2.4 Cell surface charge measurement

Bacterial cell surface charge was measured as previously described (Chiaetal., 2011).
A1 mL aliquot of bacterial suspension (pH 7.4) was used in a zetasizer (Nano
ZS-ZEN3600; Malvern Instruments Ltd., UK) for charge measurement. Cell surface

charge was expressed as zeta potential (&; mV).

5b.2.2.5 Cell size measurement

Bacterial cell size was measured with a zetasizer using the same method for cell surface

charge measurement described abowve. Cell size was expressed as Z-Average (d.nm).

5hb.2.2.6 Substratum surface preparation

Porous poly(butyl methacrylate-co-ethyl dimethacrylate) (BMA-co-EDMA,
superhydrophobic, negatively charged, relatively rough; Table 5b.1) (Levkin et al., 2009)
and aluminum sec-butoxide (ASB; superhydrophilic, positively charged, relatively
smooth; Table 5b.1) (Jingetal., 2005) were used as substratum surface materials. The
BMA-co-EDMA was prepared by mixing BMA (24% wt.; Merck), EDMA (16% wt.;
Merck), 1-decanol (40% wt.; Merck), cyclohexanol (20% wt.; Merck) and 2,
2-dimethoxy-2-phenylacetophenone (DMPAP; as a photoinitiator; 1% wt. with respect
to the monomers; Sigma-Aldrich). The ASB coatingwas prepared by mixing ASB
(Acros Organics, USA), 2-propanol (R&M Chemicals, Malaysia) and ethyl acetoacetate
(EAcACc; Acros Organics) at a ratio of 1:5:1 (mol:mol). The BMA-co-EDMA and ASB
were mixed at ratios of 10:0, 8:2,6:4,4:6,2:8 and 0:10 (vol:vol) before being coated

onto glass slides (75 x 20 mm).

To achieve covalent coating of the BMA-co-EDMA/ASB mixtures onto glass surfaces,
glass slides were first functionalized with 3-(trimethoxysilyl) propyl methacrylate

(Sigma-Aldrich) (Lewkin etal., 2009). Briefly, the slides were washed with distilled

138



Chapter 5 Modeling of Bacterial Attachment: Predictability and Stochasticity

water, immersedin1 M NaOH (R&M Chemicals) for 1 h, rinsed with distilled water,
immersedin 0.2 M HCI (R&M Chemicals), rinsed again with distilled water and dried
under nitrogen gas. After the cleaning process afew drops of 20% (vol/vol)
3-(trimethoxysilyl) propyl methacrylate in ethanol (J. Kollin Chemicals, UK) and
adjusted to pH 5 using acetic acid (R&M Chemicals) were placed on a glass slide and
covered by a second glass slide. Another few drops of the solution were placed on the
second slide and covered by a third glass slide. These stacks of glass slides were
incubated with the solution for 30 minand treated with the solution again for another 30
min. The functionalized slides were washed in acetone (Sigma-Aldrich) and dried under

nitrogen gas.

After functionalization the glass slides were coated with 3 mL of the
BMA-co-EDMA/ASB mixtures, stacked and irradiated with UV light for 16 h using a
UV collimated light source fitted witha 20 W UV-C lamp (254 nm; G20T10; Sankyo
Denki, Japan). The resultant slides were carefully separated using a surgical blade,
immersed in methanol (Systerm, UK) for 30 min and boiled in distilled water for 30 s.

Al substratum surfaces were autoclaved prior to the attachment assays.

5b.2.2.7 Substratum surface hydrophobicity measurement

Substratum surface hydrophobicity was measured by determining the water contact
angle with surfaces using a goniometer (Model 250, Ramé-Hart Inc.) as previously
described by Chiaet al. (2011). A2 uL drop of distilled water was placedon a
substratum surface using a 10 pL syringe (Ramé-Hart Inc., USA) fitted with a needle
gauge and the contact angles were measured using DROPimage software (Ramé-Hart
Inc.). For each surface, 10 drops of water were measured on each of three independently
prepared surfaces. Substratum surface hydrophobicity was expressed as average water

contactangle (6; °©).
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5b.2.2.8 Substratum surface charge measurement

Substratum surface charge (&; mV) was measured using a nanoparticle size and zeta
potential analyzer (DelsaNano C; Beckman Coulter, USA) using 1 mM KCI
(Sigma-Aldrich) as the electrolyte.

5h.2.2.9 Substratum surface roughness measurement

Substratum surface roughness was measured using an atomic force microscope (AFM;
\keco Instruments, Inc., Canada). Images for roughness (5 % 5 um) were obtained using
silicon nitride cantilevers (Budget Sensors, Bulgaria) with a spring constant of 0.06 N/m
at a scan rate of 2 Hz and analyzed using Nanoscope software (version 5, Digital

Instruments, Canada). Surface roughness was reported as root mean square (RMS; nm).

5h.2.2.10 Scanning electron microscopy (SEM) study

The substratum surfaces were visualized using a scanning electron microscope

(S-3400N; Hitachi, Japan) at 2,000 times magnification.

5h.2.2.11 Attachment assay

An attachment assay was performed for each bacterial suspension to each substratum
surface as previously described (Hood and Zottola, 1997). Briefly, a substratum surface
slide (75 x 20 mm) was immersed in 50 mL bacterial suspension and incubated for 30
min without shaking. The slide was then removed from the suspension, gently rinsed
three times with PBS and stained by 0.1% (wt/vol) crystal violet (Sigma-Aldrich). The
number of attached cells was counted using a microscope (BX51; Olympus, Japan) and
a total of 50 fields were counted for each slide. The ability to attach was expressed as
Attachment probability of an individual cell (p; %) = attached cell number / total cell

number in the suspension (10" CFU/mL x 50 mL).
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5h.2.2.12 Model testing

The model was tested against experimental data derived from a previously study
(Chapter 2a: Figure 2a.2). The attachment of four Streptococcal strains (Streptococcus
mutans ATCC 25175 and 35668, Streptococcus salivarius ATCC 13419 and
Streptococcus mitis ATCC 49456) to glass and stainless steel and their surface
properties were measured using the same methods as described above. The probability
of attachment of an individual bacterial cell ineach case was calculated using the
empirical model and was used to plot the distribution curve. The results of the numbers
of bacteriaattaching obtained from experiments were indicated on the theoretical

distributions.

5b.2.3 Statistical analysis

All assays were performed intriplicate with independently grown cultures and all
results are expressed as mean * standard deviation unless otherwise stated. In order to
normalize the data, cell surface hydrophobicity (CSH; %) data and probability of
attachment (p; %) data were arcsine transformed (using radians), substratum surface
water contact angles (8; °) were cos (6/2) transformed and then normalized using
arcsine (using radians). Surface roughness (RMS; nm) and cell size (Z-Average; d.nm)
data were logit transformed in order to assess the role of their magnitudes in attachment.

Therefore the predictorswere:

1. hydrophobic interaction [\/arcsin(%CSH ) % arcsin(cos%)];

.- - §b§s| .
2. electrostatlcmteractlon(—‘ JIEED;
gbgs ‘§b§ |

3. substratum surface roughness (log;oRMS) and

4. cell size (logioZ-Average).

The dependent variable was probability of attachment of an individual cell [arcsin(p)].
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The correlation between each predictor and the dependent variable was examined using
curve estimation. The reciprocities between the properties were examined by comparing
regressionslopesand covering area as described below. All predictorswere entered into
the empirical model ina stepwise fashion with a 95% confidence level based on
changes in the F value (those with a confidence level of below90% were removed). The
interval of each bacterial or substratum surface property in which bacterial attachment
was stochastic was determined by dividing the standard error of the estimation by the
unstandardized coefficient of each predictor. All regressions were performed using
SPSS software (PASW Statistics 18; SPSS Inc.). Probability distribution plots were
performed using MINITAB software (MINITAB 15.1; Minitab Inc., USA).

5b.3 Results

5b.3.1 Experimental results

The results of bacterial and substratum surface property measurementsare presented in
Table 5b.1. Stepwise gradients for each of the bacterial and substratum surface
properties were created. Cell and substratum surface hydrophobicity ranged from 18 to
84% and from 6 to 161° water contact angle (Appendix 1V), respectively. Bacterial and
substratum surface charge ranged from-10.1to 2.3 mV and from-31.7 to 26.9 mV
(Appendix 1V), respectively. Substratum surface roughness and bacterial cell size
ranged from 36 to 333 nmand from 3418 to 5162 d.nm, respectively. Table 5b.2 shows
the individual probability of attachment of bacteria for all combinations of bacteriaand
surfaces. Microscopic observations demonstrated that no microbial aggregates were
apparent between the two species. S. salivarius appeared as short chains and E. coli
appeared as pairs or individual cells. All cells were clearly separated and countable
(images not shown). It was also observed that the ratios of S. salivarius and E. coli cells
attached to the substratum surfaces did not correlate with their initial ratios in the cell
suspensions. The probability of bacterial attachment to the 2:8 BMA-co-EDMA : ASB

substratum surface ratio were the highest as compared to attachment to other surfaces.
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Cell mixtures with a higher ratio of S. salivarius as compared to E. coli had a higher
probability of attaching to all surfaces except inthe case of the attachment of 10:0 S.
salivarius : E. coli bacterial ratio to the 10:0 BMA-co-EDMA: ASB ratio surface.
Figure 5b.1 shows the SEM and AFM images of the substratum surfaces. The roughness

of the surfaces decreased with a decreasing ratio of BMA-co-EDMA : ASB.

5b.3.2 Computational outputs

Figure 5b.2 shows the correlation between each predictor and the dependent variable.
The correlation between hydrophobic interaction and attachment for each case was
positively linear (p<0.05) withan R? ranging from 0.37 to 0.73. The overall correlation
(considering all cases) had an R? of 0.63 (p<0.05). The correlation between electrostatic
interaction and attachment for each case was also positively linear (p<0.05) withan R?
ranging from 0.23 to 0.68. Electrostatic interaction and attachment were not correlated
when considering all cases (p<0.05). The correlations between substratum surface
roughness and attachment were negatively exponential (p<0.05) with R%s ranging from
0.58 t0 0.86. The overall correlation had an R? of 0.19 (p<0.05). However, using exp
(-log10RMS) as a predictor instead of log:1,RMS did not improve the quality (R* and F)
of the owerall empirical model. The correlations between cell size and attachment were
positively linear (p<0.05) with R%s ranging from 0.17 to 0.83. The overall R* was 0.45
(p<0.05).
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Table 5b.1 Surface hydrophobicity, charge and cell size of bacterial mixtures and

surface hydrophobicity, charge and roughness of substratum material mixtures.

Ratios of bacterial
and substratum  Hydrophobicity®  Charge (mV)
material mixtures

Roughness Cell size
(RMS; nm) ° (d.nm)

o 10:0 84+5.2% -10.121.0 - 51624459
S 8:2 67+2.6% -8.410.9 - 45041498
'f; 6:4 59+1.6% -7.240.5 - 4293+165
S 46 55+1.9% 6.540.6 : 40664219
= 28 45+4.1% 54105 i 38474367
& 0:10 18+3.4% 2.3%1.0 - 34184204

° 10:0 16121.1° -31.740.2 333 -
< 8:2 13322.7° -27.420.6 97 -

g 6:4 101+1.3° -245%0.1 77 -
uoé 4:6 7420.6° -15.620.4 65 -

& 2:8 51+1.4° 22.940.3 36 -
= 0:10 621.0° 26.90.1 37 -

# Bacterial surface hydrophobicity was expressed as % binding to hexane while
substratum surface hydrophobicity was expressedas 0 (°).

® Substratum surface roughness was obtained from one reading only.

° The ratios of S. salivarius and E. coli were based on colony forming unit (CFU).

4 The ratios of BMA-co-EDMA and ASB were based on volume.
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Table 5b.2 Pairwise probability (%) of attachment of an individual cell indifferent

bacterial and substratum ratios.

Ratios of substratum surface mixture (BMA-co-EDMA: ASB) *

10:0 8:2 6:4 4:6 2:8 0:10
© 10:0 0.46£029 4.21+042 5.55+051 4.58+044 5.94+120 4.88+053
*E %“ 8:2 2.324090 2.63+046 3.73+0.67 4.58+062 5.17+0.52 3.89+0.38
,c_:s ULJJ 6:4 1.38+042 2.16+0.31 2.79+058 2.73+0.62 4.89+0.23 3.17+£0.25
T o
g '§ 4:6 0.78+0.09 1.33+0.29 1.80+0.33 2.15+0.37 5.94+120 2.49+0.07
g "_; 2:8 0.50+0.13 0.90£0.10 0.93+0.13 1.61+0.22 2.22+0.28 1.84+0.38
5 = 0:10 0.03#0.01 0.07£0.01 0.10+0.02 0.22+0.02 0.63%£0.19 0.29+0.07

& The ratios of BMA-co-EDMAto ASB were based onvolume.

® The ratios of S. salivariusto E. coli were based on colony forming unit (CFU).

It was also found that substratum surface hydrophobicity had an impact on bacterial

surface hydrophobicity with respect to its ability to affect attachment. Figure 5b.3A

shows the regression plots of bacterial surface hydrophobicity against attachment to

different surfaces. The regression lines were significantly different (ANCOVA; p<0.05)
with different slopes and different areas between the x axis [from arcsin(0) to
arcsin(100%)] and each line, suggesting that bacterial surface hydrophobicity affected
attachment differently on different surfaces. The regressions of the slopes and areas
were plotted against substratum surface hydrophobicity (Figure 5b.3B and C) and were
found to be quadratic (parabola; y = ax® + bx + c). The vertices (-b/2a) of the parabolas
were 61.0° for the slope plot, suggesting that bacterial surface hydrophobicity has its
strongest effect on attachment to substratum surfaces with this water contact angle, and
52.5¢ for the area plot, suggesting that substratum surfaces with this water contact angle
are most favorable for bacterial attachment. Owverall this suggests that substratum

surfaces with a water contact angle of between 50 to 60° are highly susceptible to
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bacterial colonization. Using the same method, substratum surface hydrophobicity was
also found to be affected by bacterial surface hydrophobicity. The higher the bacterial
surface hydrophobicity the stronger the effect of substratum surface hydrophobicity
(R?=0.94), and the greater the probability of bacterial attachment (R*=0.95; calculations
not shown). Interestingly, reciprocity was also observed between substratum surface
roughness and cell size. It was found that the effectof surface roughness was stronger
on the attachment of both smaller and larger cells as compared to cells witha medium
size and was lowest at a cell size of 4270.7 d.nm (R*=0.87; calculations not shown). In
addition, cell size was found to have a stronger effect on attachment to smoother
surfaces (R?=0.76; calculations not shown). However, a similar relationship was not

found between bacterial surface charge and substratum surface charge.

Figure5b.1 Scanning electron microscopy images (scale bar: 20 um) and atomic force
microscopy images (5 x 5 pum) of the substratum surfaces with the ratios of
BMA-co-EDMAto ASB at 10:0 (A, G), 8:2(B,H), 6:4(C, 1), 4:6 (D, J), 2:8 (E,K) and
0:10 (F,L).

146



Chapter 5 Modeling of Bacterial Attachment: Predictability and Stochasticity

(A) 0.08 0100 f (B) e 10:0 f 0.08
a 82 * o . 8’2 X 0
0.06 1 , 64 ° 0 . 64 0.06 x 0
o 0 o . (-] 4]
|'.‘ LT 0 r\.

x 4:6 s 3} 2 0 o x 4:6 o ° mo. L. P
® “m w o & LET "
0% | 28 ot <28 o 00 e

. 0 O . L %

0:10 T 0:10 VY ok
0-02 ] X }‘ 4 ™ 4 x 0-02  {
# ¢ 4, P '
!* tili gi Sgl,g};?*
0 482 = -~ 0 TR
0 0.3 0.6 09 12 -30 -20 -10 0 10 20
Hydrophobic interaction Electrostatic interaction ¢
(C) 008 1 5 10:0 f (D) 0081 210:0 g
g2 " *82 s
S YT S Y R
Qo x 2 X

a6 b . « 4:6 SR TR
”n_ 0.04 4:6 T 3 o 0.04 x & & X

x 2:8 * g: . . = 2:8 ‘e :

o 1000 § fE : o 1010 ;‘E‘_ "
i z ; x § 5: 00 o
0 LB PP | 0 ad = °
1 15 2 25 3 34 35 36 37 38
Substratum surface roughness d Cell size ©

Figure5b.2 Scatterplots of each predictor against attachment. (A) hydrophobic
interaction; (B) electrostatic interaction; (C) substratum surface roughness; (D) cell size.
The values of predictors and the dependent variable were based ontransformed data:

2 p: arcsin (% probability of attachment of individual cell);® hydrophobic interaction:

arcsin(%CSH )xarcsin(cos— ) ; © electrostatic interaction: — =%/l £ |;
\/ 2 gb‘fs ‘b |

¢ substratum surface roughness: log1oRMS; © cell size: logioZ-Average. " The cases in (A),
(B) and (C) were grouped based on bacterial ratios, ? those in (D) were grouped based

on substratum surface material ratios.
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Figure5b.3 The influence of substratum surface hydrophobicity on the correlation
between bacterial cell surface hydrophobicity and attachment. (A) Linear regressions of
bacterial surface hydrophobicity against attachment on different surfaces (expressed as
y =ax +b); (B) The quadratic regression of substratum surface hydrophobicity against
the slopes (a) of linear regressions (expressed as y = ax* + bx + c); (C) The quadratic
regression of substratum surface hydrophobicity against the areas between the x axis
[from arcsin(0) to arcsin(100%)] and each linear regression line, obtained from

arcsin 100%

Area=|, = (ax+b)dx (expressedasy = ax® + bx + ¢). T Values of attachment

were expressed as arcsin(%individual cell attachment), values of bacterial surface
hydrophobicity were expressed as arcsin(%CSH) and values of substratum surface

hydrophobicity were expressed as arcsin[cos(0/2)]. t1 The cases in (A) were grouped

based on substratum surface material ratios.
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All predictors entered into the empirical model had significant F value changes (p<0.05)
and the empirical model was established with an R? of 0.814 and a standard error of the
estimation of 0.0082 (0.82% in attachment probability) (Table 5b.3). Table 5b.4 shows

the coefficient of each predictor in the regression equation which were used to establish

the equation:

p=sin{[ 0. 038\/L arcsin(%CSH )x d
180 180

Ifbs |
&L,

arcsin(cosg) +515x107°

)1/ éb &|—0.003log,, RMS +0.12log,, Z- Average— 0.431] x —

where A is the substratum surface area (cm?) and is divided by the area of the

substratum surfaces used in this study (15 cm?). The % and 150 in the equation

T

serve as conversion factors between radians and angles (°).

The standardized coefficients (Table 5b.4) represent the significance of the predictorsin
the response. Hydrophobic interaction had the highest absolute standardized coefficient
(0.535) indicating that it played the most important role in attachment as compared to
the other predictors. Electrostatic interaction (0.034) by contrast had the lowest impact.
Notably, the coefficient for surface roughness was negative (-0.048) meaning that it had
a negative effect onattachment. This suggests that he smoother the substratum surface
is the more probable bacterial attachment will occur, a finding that is in accord with the

individual correlation between surface roughness and attachment shown in Figure 5b.2.
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Table 5b.3 The R?, standard error of the estimation and change statistics of each

predictor in the empirical model.

Model ® R? Std. Err. of Change Statistics
the Estimate R*Change  FChange  p (F Change)
Predllctor 0.649 0.0115 0.649 117.610 <0.001
Predicor o667 00110 0018 5.442 0.004
Predictor 0725 0.0099 0.058 14.790 <0.001
1+2+3

Predictor 5 814 0.0082 0.089 28.695 <0.001
1+2+3+4

% Predictor 1: hydrophobic interaction [\/arcsin(%CSH )% arcsin(cosg )]; 2:

&

o £
electrostatic interaction (- 22221/l £1); 3: substratum surface roughness (log1oRMS); 4:
gbgs ‘b |

cell size (logi0Z-Average). All predictors were entered into the empirical model ina
stepwise fashionat a 95% confidence level. The numbers in bold face are the R* and

standard error of the estimation of the overall model.

Table 5b.4 Standardized and unstandardized coefficients for each predictor inthe

empirical model.

Predictor Unstand_ar_dized Sta_nd_ardized
Coefficient Coefficient (Beta)
Hydrophobic interaction 0.038 0.535
Electrostatic interaction 5.15x107 0.034
Substratum surface roughness -0.003 -0.048
Cell size 0.120 0.304
(Constant) -0.431 -
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The standard error of the estimation (0.0082) indicates the prediction accuracy of the
model and can be used to determine under which conditions bacterial attachment is
stochastic. The range of values for each property (Figure 5b.4) under which attachment
IS stochastic was determined by dividing the standard error by the unstandardized
coefficient of the corresponding predictor and back transforming the result to raw values
for the property. Each of the intervals indicates how far apart the values of a property
should be to result insignificantly different bacterial attachment. If the value of a
property in one case falls within the interval of that in another case, the resultant
bacterial attachment is considered not to be differentiable and therefore bacterial
attachment in this interval is deemed to be stochastic (or unpredictable) using this model.
The range of values of bacterial surface hydrophobicity for which attachment is
stochastic narrowed with increasing hydrophobicity, indicating that the attachment of
relatively hydrophilic bacteriais likely to be more stochastic than for hydrophobic ones.
For example, if all other properties stay the same, in order to attach in significantly
different numbers to asurface than bacteriawith 20% hydrophobicity, the
hydrophobicity of other bacteriamust be 11.3% higher or 11.5% lower. For bacteria
with 80% hydrophobicity, on the other hand, the hydrophobicity of other bacterianeed
only be 6.4% higher or 7.5% lower to attach in significantly different numbersto a
surface. The reason that the interval changes with changing values of the property is that
the data transformation from the raw value to the predictor is based on non-linear
transformations such as arcsine, cosine and logit. The size of substratum surface
hydrophobicity interval remains constant (13.4° water contact angle for either the upper
or the lower interval) because the non-linearity of the cosine transformation was
compromised by the arcsine transformation. The size of the intervals associated with
charge (net charge for both bacteriaand substratum surface, and for both cases of co-
and counter-charge) and surface roughness were wide due to their low impacts on
attachment (reflected as lowstandardized coefficient values). This suggests that the
difference incharge or roughness in different scenarios need to be extremely large to

allow differences in attachment of bacteriato surfaces to be significant. Bacterial
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attachment is therefore highly stochastic when considering only electrostatic interaction
or surface roughness. The interval of cell size, however, widened with an increasing
Z-Average value, indicating that the attachment of smaller cells is relatively more

predictable.

5b.3.3 Model testing

The results of testing the model for its ability to deterministically and probabilistically
predict the attachment of four Streptococcal strains to glass and stainless steel are
presented in Figure 5b.5. All of the experimental results fell into the probability
distribution curve suggesting that the model probabilistically predicted attachment in all
cases. The experimental results of the attachment to stainless steel were farther from the
vertexes (deterministic prediction results) of the curves than those to glass, suggesting

the deterministic predictions were more accurate on glass than on stainless steel.
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Figure 5b.4 Range of values of bacterial and substratum surface properties inwhich

bacterial attachment to surfaces is stochastic (firstletter) and the size of the each range

(upper zone and lower zone; second letter). Properties: bacterial surface hydrophobicity

(A, B); substratum surface hydrophobicity (C, D); net charge (for both bacteriaand

substratum surface, and for both cases of co- and counter- charged; E, F); substratum

surface roughness (G, H); and cell size (1, J). The shaded zones indicate the interval in

which bacterial attachment to surfaces is stochastic.

153



Chapter 5 Modeling of Bacterial Attachment: Predictability and Stochasticity

(A) Binomial, n=500, p=0.0575744 (C) Binomial, n=500, p=0.0884815 (E) Binomial, n=500, p=0.056216 (G) Binomial, n=500, p=0.0726778
0.09 0.07 0.09 0.08
% %
£ 006 £ o005 z oy z 006
= v = = - = 005
o 0.05 o 0.04 a 005 o
.'-é" 0.04 2 o3 .'-; 0.04 .'-; gg;
0.03 = 0.03 :
o 0.02 a 0.02 o 0.02 & 002
0.01 0.01 0.01 0.01
0.00 0.00 0.00 0.00
10 15 20 25 30 35 40 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 10 20 30 40 50
Million CFU Million CFU Million CFU Million CFU
(B) Binomial, n=500, p=0.042464 (D) Binomial, n=500, p=0.0745576 (F) Binomial, n=500, p=0.0418776 (H) Binomial, n=500, p=0.0588098
0.10 . 0.08 0.10 - 0.09
0.08 0.07 0.08
. 0.08
z Z oo z Z 0o
S 006 = 005 = 406 = 0
| | 004 s LY*
g ood S 003 2 004 Iy
-9 [-% -8 a '
0.02 0.02 0.02 0.02
0.01 0.01
0.00 0.00 0.00 0.00
5 10 15 20 25 3 35 10 20 30 40 50 5 10 15 20 25 30 10 1S 20 25 30 35 40
Million CFU Million CFU Million CFU Million CFU

Figure 5b.5 Deterministic and probabilistic model testing (binomial distribution plots) using experimental data of the attachment to glass (first
letter) and stainless steel (second letter) of Streptococcus mutans ATCC 25175 (A, B), Streptococcus mutans ATCC 35668 (C, D), Streptococcus
salivarius ATCC 13419 (E, F) and Streptococcus mitis ATCC 49456 (G, H). The distribution curves are the probabilistic prediction results and the
vertices of the curves are the deterministic prediction results, nis the total unit number of the cells inthe bacterial suspension [1 unit = 1 million
(10°%) CFU] and p is the probability of attachment of an individual cell (unit). The black spots are the attachment results obtained from

experiments (intriplicate).
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5b.4 Discussion

All bacterial and substratum surface properties included in this study were found to

have significant influence onattachment of bacteriato surfaces but with different levels
of impact. Hydrophobic interactions, which were found to be the strongest predictor in
the empirical model, are generally recognized to play an important role in bacterial
attachment. Bacterial surface hydrophobicity and substratum surface hydrophobicity
have beenrepeatedly proven to positively correlate with attachment (Liu et al., 2004;
Boks et al., 2008; Goulter et al., 2009; Salerno et al., 2009). In addition to Lifshitz-van
der Waals forces, hydrophobic interactions are also influenced by Lewis acid-base
forces (hydrogen bonding) (van Oss etal., 1986), which have been reported to dominate
the overall free energy in bacterial attachment systems in many cases based on XDLVO
theory (Kang and Choi, 2005; Chenetal., 2011). This may explain the significance of
the hydrophobic interaction found in this study. Electrostatic interactions are also
generally considered to be an important factor for bacterial attachment to surfaces.
Arguments regarding its significance have been raised (Kang and Choi, 2005; Salerno et
al., 2009; Warning and Datta, 2013) and some suggest its importance in attachment may
be overrated (Poortingaetal., 2005), aconclusion whichwould concur with the
computational results of the present study. Specifically, it has been suggested that
bacterial cells are ion-penetrable resulting ina lower density of charge on the outer
surface of a cell than the charge a cell as a whole carries (Poortingaetal., 2005). In
addition, the electrostatic effect may be distinct only when other interactions are weak,
for example, the attachment of hydrophilic but highly charged bacteria could be
relatively more correlated to electrostatic interactions. This feature may explain the
finding of some studies inwhich charge appears strongly correlated with attachment and
functional properties of uniformly hydrophobic bacteria (Rivas et al., 2005). The effect
of charge could be strain/species and substratum surface dependent and masked by other
properties or interactions. Substratum surface roughness was found to negatively affect

attachment which is in accord with the findings of other studies (Goulter etal., 2011). In
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contrast with the work of Medilanski et al. (2002) who found that bacteria attach in a
high number to both smoother and rougher surfaces and that minimal attachment occurs
at a medium surface roughness. A large range of surface roughness should therefore be
screened with respect to bacterial attachment in order to obtain a better understanding of
this process. In addition to this, roughness may also be associated with other substratum
surface properties since it can, for instance, increase the effect of surface tension and
thereby affect surface hydrophobicity (Quirynenetal., 1990). The contribution of
roughness to attachment therefore is likely to be more complex than most models take
into account. In the current study cell size was also indicated to have a positive effect on
attachment and it has been suggested to be due to the fact that size may affect the steric
arrangement between the cells (Clark and Gibbons, 1977) and therefore result in
different spatial distributions (e.g. formation of chains or clumps on the substratum

surface).

The reciprocity found between bacterial and substratum surface hydrophobicity reveals
that higher bacterial surface hydrophobicity was correlated with a higher probability of
bacterial attachment to surfaces which also increased the effect of substratum surface
hydrophobicity on bacterial attachment, which is generally accepted in the literature
(Zitaand Hermansson, 1997; Rad etal., 1998; Liand Logan, 2004; Liuetal., 2004).
This reciprocity indicates that substratum surfaces with a medium hydrophobicity are
more favorable for bacterial attachment than those with high or low hydrophobicity.
This phenomenon results in bacterial surface hydrophobicity having a greater effect on
attachment than other parameters. This phenomenon suggests that hydrophobic
interactions in an attachment system are not fully energy-dependent (i.e. higher surface
tension energy does not necessarily result in greater attachment). It was also found that
substratum surface roughness and cell size are not independent in terms of their
contributions to attachment. This is in agreement with the finding of Medilanski et al.
(2002) who suggested that the optimum roughness of the substratum surface for

attachment depends on the size and shape of the cells. The reciprocity between
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roughness and cell size was however not explained by the model.

The range of values of individual properties inwhich bacterial attachment to a surface
were stochastic indicates the levels of the predictability and stochasticity of bacterial
attachment. The range of values in which bacterial attachment was stochastic for
bacterial surface hydrophobicity decreased with increasing values of hydrophobicity,
suggesting that the attachment of hydrophilic bacteriais more stochastic than that of
hydrophobic ones. This leads to a hypothesis that correlations between bacterial surface
hydrophobicity and attachment are more likely to be found for relatively hydrophobic
bacteria, a feature which has been observed by some authors (Grivetetal., 2000;
Roosjenetal., 2006; Goulter et al., 2009). According to this hypothesis correlation
between substratum surface hydrophobicity and attachment can be found on both
hydrophobic and hydrophilic surfaces as the range of values remained constant. The
range of values for substratum surface roughness and cell size, howewer, increased with
increasing value of these properties, suggesting that attachment scenarios involving
large cells or rough surfaces are less predictable. This finding is not unreasonable as
rougher surfaces and larger cells could have more complicated surface energy profiles
and spatial distribution as mentioned above. The wide range of values for charge
suggests that predictions for bacterial attachment to surfaces based on charges could be
difficult. These results may act as a guide for future research examining the relationship
between these properties and bacterial attachment and specifically provide insight into
the selection of reasonable ranges of the properties that can respondin a predictable

manner.

Probability distribution analysis has previously been used in bacterial attachment
systems by Chenetal. (2011) APoisson distribution was applied to estimate the
probability of the formation of ahydrogen bond between a bacterial cell surface anda
substratum surface, and the probability of the formation of a given number of hydrogen

bonds on the same bacterial cell surface. Inour study, a probability distribution was
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used in a less specific way (i.e. to estimate the probability of bacterial attachment). This
approach is therefore useful in biological systems with respect to the occurrence of an
event or a specific interactioninan event as it provides a probabilistic analysis based on

a deterministic analysis.

The testing of the model demonstrated that all experimental results fell within the
binomial distribution curves but not all of them were exactly on the vertices, suggesting
that biological variability exists in attachment systems which also contribute to the
stochastic nature of such systems. This finding illustrates the importance of probabilistic
prediction which is more useful than the deterministic prediction from mechanistic
models such as thermodynamic theory and XDLVO theory (Chiaetal., 2011; Nguyen et
al., 2011a). It was also observed that the predictions for the attachment of bacteriato
stainless steel were less accurate than those to glass, suggesting that there are other
factors inthe case of stainless steel, inaddition to the predictors used in the model, that
affect bacterial attachment. For example, stainless steel is a conductive surface which
allows charge transfer to and from bacterial cells resulting ina change of electric
potential and in turn affecting attachment (Nguyen et al., 2011a). This model should not
be extensively used for prediction purposes because no model canall-inclusively
explain bacterial attachment due to the complexity of the process (Goulteret al., 2009;
Warning and Datta, 2013). The model can and should be used to gain a fundamental

understanding about the role of the properties included in it for bacterial attachment.

All mathematical models of the type described here have limitations. The current model,
for example, is only valid for bacterial attachment in water-based systems and onto
uniform surfaces (i.e. abiotic surfaces). In addition, the model was based on the results
obtained from experiments performed at a population scale and therefore provides a
better qualitative understanding of attachment at the macroscopic lewel. It would be
useful to include experiments at the scale of the individual bacterium in future models

and this may help to explain attachment in a more practical way.
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5b.5 Conclusions

In summary, a semi-empirical approach that deterministically and probabilistically
represents the process of bacterial attachment was established in this study. The
approach revealed that hydrophobic interactions play the most importantrole in
bacterial attachment to surfaces while electrostatic interactions have little effect on
attachment. It also suggests that bacterial attachment is stochastic under some

conditions associated with particular ranges of predictor values.
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6.1 Major findings and contributions of this study

The primary aims of this project were to investigate the effects of teaextracts on oral
bacteriawith respect to their cell surface properties, attachment and biofilm formation
on surfaces, and to study the predictability and stochasticity of bacterial attachment to

hard surfaces using the XDLVO theory and a new mathematical approach.

Based on the results obtained from this project, the following conclusions can be drawn:
The tea extracts can alter the cell surface properties of the five oral bacterial strains used
in this project and can inhibit their attachment and biofilm formation on different abiotic
surfaces (Chapter 2a). In addition, a reduction in bacterial surface hydrophobicity was
the key mechanism of the effect of the teaextracts in inhibiting attachment of
Streptococecal strains (Chapter 2a). Furthermore the XDLVO theory revealed that
hydrogen bonding is a key feature of hydrophobic interactions that dominated the
overall interaction in the attachment systems (Chapter 5a). It was also established that
the inhibitory effects of oolong tea extract on the attachment of S. mutans strains and
pu-erh teaextracts on the biofilm formation of S. mutans were due to the coating of cell
surfaces by flavonoids, tannins and indolic compounds (Chapter 4). It is therefore
reasonable to conclude that tea components can coat the bacterial cells and occupy the
ligand receptor siteson cell surfaces that can form hydrogen bonds with substratum
surfaces. This in turn may interfere with the formation of hydrogen bonds and reduces
the hydrophobicity of cells resulting inan inhibition of attachment. Pu-erh and
chrysanthemum tea extracts were found to effectively inhibit the attachment of
Streptococci to cultured human gingival cells (Chapter 3). The mechanism of this
inhibition was not investigated in this project but this is an interesting finding worthy of
future research. In total, findings contribute to the literature of the effects of teaonoral
health with respect to the prevention of oral bacterial colonization of surfaces. Based on
the conclusions abowe, it can reasonably be suggested what a cup of teamay do in a real

oral environment with respect to bacterial attachment. After teaconsumption some of
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the oral bacteriamay be killed or inhibited when tea components are at high
concentrations. Subsequently attachment and biofilm formation by the remaining cells
on dental hard and soft tissues may be suppressed when the concentrations of tea
components are diluted by saliva (Xu etal., 2012). In addition to the bactericidal effects
of tea, the ability of tea to inhibit oral bacterial attachment and biofilm formation
introduces another benefit of the supplementation of tea components in mouthwashes
and toothpastes. These effects on attachment and biofilm formation need to be further

confirmed by in vivo studies in the oral cavity.

Cell surface properties, attachment and biofilm formation by oral bacterial can be
affected by various oral conditions such saliva and dietary sucrose in vitro (Chapter 2b
and Chapter 2c). It is therefore reasonable to assume that the inhibitory effects of tea
extracts on attachment and biofilm formation can also be influenced by these conditions
in the oral cavity (Kolenbrander and London, 1993). This indicates that the effects of tea
on oral bacterial properties and behaviors should be studied in the presence of different

components found in the oral cavity.

The XDLVO theorywas not effective in predicting the attachment of oral bacterial to
hard surfaces because it is solely deterministic and does not consider some of the key
parameters affecting attachment (Chapter 5a). The newly developed empirical model
which takes into account substratum surface roughness and cell size with the aid of a
normal approximated binomial distribution can more accurately predict attachment of
the type used in this project. The empirical model showed that hydrophobic interactions
are the most important physicochemical mechanism of bacterial attachment. It also
defined the level of predictability and stochasticity of bacterial attachment by
determining the range of values of each cell/substratum property within which bacterial
attachment to a hard surface is random (Chapter 5b). This new mathematical modeling
approach suggests directions for future research. Specifically they could provide a guide

for the selection of reasonable ranges of the properties that can respond in a predictable
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manner. Mathematical models can never be universally valid because ideal systems do
not exist. They should therefore not be extensively used for prediction purposes but

should be used to study the mechanisms of bacterial attachment (Bos et al., 1999).

6.2 Future directions

This project provides some level of understanding with respect to the physicochemical
process of bacterial attachment and in particular the attachment of oral bacterial to
surface and the ability of teato inhibit. Below are listed potential areas of future
research that could be conducted in order to gain a better understanding of these

processes and to help develop strategies to control and minimize bacterial attachment.

6.2.1 Identification of the tea components coated on cell surfaces

The tea components coated onto cell surfaces of S. mutans and that inhibited their
attachment and biofilm formationwere identified as flavonoids, tannins and indolic
compounds using phytochemical screening methods (Chapter 4). It is important to
identify the specific compounds involved in future research. The compounds extracted
from the coated cell surfaces could be isolated and purified using column
chromatography and high-performance liquid chromatography (HPLC) systems
equipped with semi-preparative column. They could subsequently be identified using
high-performance liquid chromatography-mass spectrometry (HPLC-MS) and nuclear

magnetic resonance (MNR) spectroscopy techniques (Manojlovi¢ etal., 2011).

6.2.2 Bacterial attachment to biotic surfaces

Substantial inhibitory effects of pu-erh and chrysanthemum tea extracts on the
attachment of oral Streptococci to cultured human gingival fibroblasts were observed
(Chapter 3) in this project. The mechanisms behind this effectwere not investigated. In
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future research the mechanisms of this effect should be established since the reductions
in attachment observed were substantial (a reduction up to 4 log CFU/well). The effect
of tea extracts on the attachment of oral bacteriato other oral soft tissues should be
studied in order to understand the broader picture of the beneficial effects of teaonoral
health.

6.2.3 Study the effects of tea in a simulated oral environment

As suggested in Chapter 2band 2c conditions such as the presence of saliva and dietary
sucrose that alter bacterial cell surface properties and affect their colonization of hard
surfaces may also influence the inhibitory effects of tea. It would therefore be
appropriate to study the effects of teaon attachment and biofilm formation by oral
bacteriaon surfaces ina simulated oral environment in future research. For example, the
presence of saliva as a suspending fluid, sucrose as a nutrient source for bacteriaand
periodical flowcondition using a flow chamber could be included in such studies

(Busscher and van der Mei, 1995).

6.2.4 In vivo studies

The inhibitory effects of tea on attachment of oral bacteriaand their biofilm formation
were apparent and reproducibly observed in in vitro studies. These effects need to be
further confirmed by in situ studies using extracted teeth or by in vivo studies using

animal models.

6.2.5 Probabilistic modeling and modeling for the biological process of bacterial
attachment

A mathematical approach to predict bacterial attachment using probability distributions
was successfully applied in this study (Chapter 5b). Future modeling of bacterial

attachment should use probability analysis and should take more parameters into
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account (Chenetal., 2011). Inaddition, future models should include, where possible,
biological interactions and factors such as biological cell surface propertiesor biotic
substratum surfaces in order to represent both the physicochemical and the biological

processes of bacterial attachment.

6.2.6 Method standardization and advanced techniques

The lack of process control and standardization of methods to study bacterial
attachment and bacterial/substratum properties results in difficulties in studying the
mechanisms of bacterial attachment and poor predictions by mechanistic models. This
in turn results indifficulties in the development of strategies to control attachment.
Standardization of methods should be implemented across laboratories and advanced
techniques suchas AFM and chemical force microscopy (CFM) should be used to avoid
bulk property and population behavior measurements and thereby eliminate noise

(Nguyenetal., 2011a).
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Appendix | Detachment Assays

The following appendix contains the results obtained from the detachment assays of

oral bacteriafrom hard surfaces (Chapter 2a).
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FigureA.1 Effect of teaextracts (first letter) and teacomponents (second letter) on
bacterial detachment from different surfaces. (A) (E) S. mutans ATCC 25175, (B) (F) S.
mutans ATCC 35668, (C) (G) S. salivariusATCC 13419 and (D) (H) S. mitis ATCC

49456.
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Appendix Il Method Validation of the
Biofilm Formation Assays

The following appendix contains the results obtained from the method validation for the

biofilm formation assays (Chapter 2a, 2b and 4).
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In order to validate the method for biofilm formation assays (2a.2.5.5,2b.2.7 and 4.2.4),
a survival testand a detachment ability test was carried out to ensure that sonication can

effectively detach biofilm cells without killing them.

Survival tests

A Falcon tube containing 40 mL of bacterial cells suspension was sonicated using a
water bath sonication under the same conditions as stated in Chapter 2a, 2band 4
(2a.2.5.5,2h.2.7 and 4.2.4). An aliquot of the suspension was taken out from the tube at
5and 10 min, serially diluted, spread plated on TSA and incubated at 37°C for 48 h
before enumeration. The results showthat sonication up to 10 min did not kill the cells

(Figure A.2).

Detachment ability tests

A hard surface slide with a biofilm grown on top was placed in a Falcon tube containing
40 mL of PBSand sonicated for 10 min under the same conditions. An aliquot of the
PBS was serially diluted, spread plated on TSA and incubated at 37°C for 48 h before
enumeration. The slide was then transferred into a stomacher bag containing 50 mL of
PBS and pummeled in a stomacher for 10 min under the same conditions as stated in
Chapter 2a, 2band 4 (2a.2.5.5,2b.2.7 and 4.2.4) to remove the remaining cells. An
aliquot of the homogenate was serially diluted, spread plated on TSA and incubated at
37°C for 48 h before enumeration. The cell counts before stomaching (PRE) were
compared to those after stomaching (POST). The results showthat the cell number on
the slide was reduced by sonication by up to 2 log CFU/cm? in all cases, indicating that
sonication can remove approximately 99% of the biofilm cells from the slide (Figure

A3).
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Figure A.3 The ability of sonication (10 min) to detach biofilm cells of five oral
bacteriafrom three hard surfaces. (A) S. mutans ATCC 25175, (B) S. mutans ATCC
35668, (C) S.salivarius ATCC 13419, (D) S. mitis ATCC 49456 and (E) A. naeslundii
ATCC 51655.
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Appendix 111 Cytotoxicity Assays

The following appendix contains the results obtained from the cytotoxicity assays of tea
extracts and tea components against HGF-1 cell line and the image of HGF-1cells

(Chapter 3).

198



Table A.1 Cytotoxicity of five teaextracts and two teacomponents against HGF-1 cells.

Green  Oolong  Black Pu-erh Chrysanthemum EGCg Gallic acid

MIC
5.000 5.000 >5.000 >5.000 >5.000 0.125 0.125
(mg/mL)

Figure A4 Immortalized human gingival fibroblast-1 (HGF-1 ATCC CRL-2014) cell

line.
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Appendix IV Hard Surface Zeta
Potential and Water Contact Angle
Measurements

The following appendix contains the results and images obtained from the zeta potential
measurements and the water contact angle measurements for the hard surfaces for the

mathematical modeling (Chapter 5b).
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4:6 (D), 2:8 (E) and 0:10 (F).
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Figure A.6 Water contact angles of the substratum surfaces for mathematical modeling.

Ratios of BMA-co-EDMAto ASB at 10:0 (A), 8:2 (B), 6:4 (C), 4:6 (D), 2:8 (E) and
0:10 (F).
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Tea can inhibit the attachment of Strepfococcus mutans to surfaces and subsequent biofilm formation. Five commercial
tea extracts were screened for their ability to inhibit attachment and biofilm formation by two strains of S. mutans on
glass and hydroxyapatite surfaces. The mechanisms of these effects were investigated using scanning electron micros-
copy (SEM) and phytochemical screening. The results indicated that extracts of oolong tea most effectively inhibited
attachment and extracts of pu-erh tea most effectively inhibited biofilm formation. SEM images showed that the
S. mutans cells treated with extracts of oolong tea, or grown in medium containing extracts of pu-erh tea, were coated
with tea components and were larger with more rounded shapes. The coatings on the cells consisted of flavonoids,
tannins and indolic compounds. The ratio of tannins to simple phenolics in each of the coating samples was ~3:1. This
study suggests potential mechanisms by which tea components may inhibit the attachment and subsequent biofilm forma-
tion of S. mutans on tooth surfaces, such as modification of cell surface properties and blocking of the activity of pro-
teins and the structures used by the bacteria to interact with surfaces.

Keywords: dental caries; tea; bacterial attachment; Streptococcus mutans; biofilms; scanning electron microscopy

Introduction

Attachment and biofilm formation on tooth surfaces are
regarded as virulence factors for oral bacteria. These
processes initiate a buildup of dental plaque and eventu-
ally cause dental caries (Marsh 1994). The virulence of
Streptococcus mutans, which is the major aetiological
agent responsible for dental caries (Aas et al. 2008), has
been studied widely, including its ability to attach and
form biofilms (Hamilton-Miller 2001).

Tea (Camellia sinensis) is the second most popular
drink worldwide after water. Commercial tea products
are classified into four types based on their degree of fer-
mentation. These types are green tea (non-fermented),
oolong tea (partially fermented), black tea (fully fer-
mented) and pu-erh tea (post-fermented) (Peterson et al.
2005). The fermentation process condenses tea compo-
nents (such as epicatechins) into dimers (theaflavins) and
polymers (thearubigins). The degree of fermentation
therefore influences the polymerisation level of tea phen-
olics (Peterson et al. 2005). Tea has been demonstrated
to benefit oral health through anti-cariogenic activities
(Otake et al. 1991). These activities include direct bacte-
ricidal effects against oral bacteria (Rasheed & Haider
1998), the inhibition of bacterial adhesion to tooth sur-
faces (Tagashira et al. 1997), the inhibition of glycosyl-
transferase activity and biosynthesis of glucan (Hada
et al. 1989) and the inhibition of human and bacterial

amylase with an associated limitation on sugar availabil-
ity for bacterial metabolism (Zhang & Kashket 2000).

Studies on S. mutans indicate that tea can reduce the
attachment of the bacterium to hydroxyapatite (HA),
which is a calcium mineral often used as a model of
tooth surfaces. Otake et al. (1991) showed that green tea
could inhibit the attachment of S. mutans to saliva-coated
HA, and that this inhibition was due to the interactions
between the tea components and the bacterial cells.
Matsumoto et al. (1999) found that both small and large
molecules from oolong tea could bind to the surface pro-
teins of S. mutans and via this mechanism could reduce
the cell surface hydrophobicity, induce auto-aggregation
and prevent bacterial attachment to HA. These studies,
while indicating the potential of tea in inhibiting attach-
ment of S. mutans to teeth, did not examine the out-
comes for biofilm formation. Furthermore, these studies
only examined the inhibition of attachment of S. mutans
to HA and not other model tooth surfaces, and did not
study the mechanisms responsible for the inhibition to
any great extent.

In the current study, extracts of a range of commer-
cial tea products were screened for the ability to inhibit
attachment and biofilm formation by two strains of
S. mutans on glass and HA substrata. Some inhibitory
effects were established and the potential mechanisms
behind these were investigated using scanning electron
microscopy (SEM) and phytochemical screening.
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Materials and methods
Bacterial cultures and growth conditions

Two strains of S. mutans (ATCC 25175 and ATCC 35668)
were used in this study and were obtained from the Ameri-
can-Type Culture Collection (Manassas, USA). Both of
the strains were maintained on Mitis salivarius agar (Dif-
co, USA) at 4°C. Experimental cultures were grown in
tryptic soy broth (TSB) (Merck, USA) at 37°C for 24h
with shaking at 150 rpm, unless otherwise stated.

Preparation of tea extracts

Extracts of five commercial tea products namely green
tea, oolong tea, black tea, pu-erh tea and chrysanthemum
tea (Ten Ren Tea Co. Ltd, Taiwan) were prepared by
mixing 1g of tea product with 20 ml of 90% (v/v) ace-
tone (Sigma-Aldrich, USA) for 2h (Perva-Uzunali¢ et al.
2006). The resulting extracts were evaporated under
vacuum at 40 °C, freeze dried and stored at —20°C for
further use.

Stock solutions of the tea extracts were prepared by
dissolving 100 mg of the extract in 10ml of phosphate-
buffered saline (PBS) (2.7mM KCI, 10mM Na,HPO,,
17 mM KH,PO,, 137mM NaCl, pH 7.4, 1st BASE, Sin-
gapore) containing 1% (v/v) methanol (Systerm, UK) and
filter sterilising though a 0.2 pm filter (Millipore, USA).

Preparation of hard surfaces

Glass slides were painted with 40% (w/v) bonding adhe-
sive (60% limestone, 30% kaolin, 8% ethylene glycol, 1%
SiO, and 1% TiO, [all wt], Over Sea Plaster Supply and
Construction Sdn Bhd, Malaysia) and partially air dried
for 3 min. The slides were then coated with a paste consist-
ing of 10% cement (56% CaO, 40% SiO,, 3% Al,O3:-
Fe,05 and 1% MgO [all wt], Over Sea Plaster Supply and
Construction Sdn Bhd, Malaysia), 40% (w) HA powder
(Sigma-Aldrich, USA) and 50% (w) distilled water. Slides
were then air dried for 16 h and sterilised by autoclaving.

Glass slides (5 x 5 mm) were used to model the smooth-
ness of the surface of teeth (Forssten et al. 2010), and HA
slides (5 x 5mm) were used as a model for the chemical
composition of teeth (Apella et al. 2008). The model sur-
faces were degreased by soaking in acetone for 30 min,
rinsed in distilled water and sterilised by autoclaving.

Attachment and biofilm formation assays

The attachment assays were carried out as described previ-
ously (Goulter et al. 2011) with modifications. Briefly,
bacterial cells were pelleted by centrifuging 20 ml of TSB
cultures at 7669 g for 15 min at 4 °C. The cell pellets were
washed gently with PBS and resuspended in the tea extract
solutions at 1.25mgml~' (containing ~10” CFUmI ™).
PBS without the addition of bacterial cells was used as a
null control. Preliminary antimicrobial susceptibility test-
ing had established that the concentration of tea extract

used did not kill or inhibit the bacteria (data not shown).
Glass or HA slides were incubated in the cell suspensions
at 37 °C for 30 min without shaking. The slides were then
removed from the suspensions and gently rinsed three
times with PBS to remove any loosely attached bacterial
cells. The attached cells on the glass substratum were
stained with 0.1% (w/v) crystal violet (Sigma-Aldrich), on
HA substratum 0.1% (w/v) acridine orange (Sigma-
Aldrich) was used. The number of cells on the respective
substrata was determined using light or epifluorescence
microscopy (BX51; Olympus, Japan). A total of 50 fields
of view were counted for each slide and the number of
attached cells was expressed as log CFU cm 2.

To study the formation of biofilms, 10 ml of filter ster-
ilized tea extract (with a final concentration of
1.25mgml™") and the attachment substratum (glass or
HA) were added to 10 ml of autoclaved TSB (at double
the normal concentration). These flasks were then inocu-
lated with 0.1 ml of a 24 h old TSB culture and incubated
at 37 °C for 3 days without shaking. The same volume of
TSB without tea extract was used as a null control. The
biofilm formed was quantified using a method adapted
from Cassat et al. (2007). Briefly, after incubation, slides
were washed with PBS (x3) and transferred into Falcon
tubes (TPP®, Switzerland) containing 50ml of PBS. To
detach the cells from the biofilm, the tubes were sonicated
for 10 min using a water bath sonicator (LC-130H; ELMA,
Germany) at room temperature with a frequency of
35kHz. An aliquot of the PBS was serially diluted, spread
plated on tryptic soy agar (Merck, USA) and incubated at
37°C for 24 h before enumeration. The method was veri-
fied and results indicated that sonication detaches 95-99%
of the biofilm cells without killing them (data not shown).

SEM study

The experimental and control slides, with attached cells or
biofilms, were washed in PBS, air dried and fixed with
4% (v/v) glutaraldehyde (Sigma-Aldrich, USA) in PBS.
The fixed slides were washed a second time in PBS and
air dried, followed by snap freezing with liquid nitrogen
and freeze drying. The slides were then platinum-sputtered
using a sputter coater (Q150RS; Quorum, UK) prior to
examination with a SEM (S-3400N; Hitachi, Japan).

Extraction of tea components associated with bacterial
surfaces

A 11 TSB culture of S. mutans (ATCC 25175 or ATCC
35668) was treated with tea extracts under the same con-
ditions of exposure as those used for the attachment or
biofilm assays. After incubation, cells were pelleted at
12,090 g for 15 min at 4 °C using a large volume centri-
fuge (6930; Kubota, Japan). To ensure cells were clean,
the pellet was resuspended in 500ml of PBS before
being centrifuged for a second time. The resulting pellets
were resuspended in 11 of acetone and incubated for
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24h at 40°C with magnetic stirring at 700 rpm. The
suspension was then filtered through 0.2 um bottle top
filters (Corning, USA). The filtrate was evaporated under
vacuum at 40°C and freeze dried. Controls containing
untreated cells were prepared in the same way. The dried
product was dissolved in 2ml of methanol (Systerm,
UK) prior to phytochemical screening.

Phytochemical screening

Phytochemical screening tests were conducted qualitatively
for major phytoconstituents. The methods are shown in
Table 1. Total phenolic, total tannin and total flavonoid
contents were determined quantitatively as indicated below.

Total phenolic and total tannin contents were mea-
sured using the Folin—Ciocalteau method before and after
treatment with polyvinylpolypyrrolidone (PVPP) (Sigma-
Aldrich, USA), which has a high affinity for tannins.
Briefly, to determine total phenolic content, 20 ul of the
sample were added to 100 pul of 10% (v/v) Folin—Ciocal-
teau’s reagent (R&M Chemicals, Malaysia) and 80 ul of
7.5% (w/v) Na,CO; (R&M Chemicals, Malaysia) in a
well of a microtitre plate (Jet Biofil, China). The plate

Table 1. Methods for qualitative phytochemical screening.
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was placed in the dark for 30 min before the absorbance
was measured at 765nm. Gallic acid (Sigma-Aldrich,
USA) was used to produce a standard curve. To deter-
mine total tannin content, about 0.5ml of the sample
was first mixed with 50 mg of PVPP and 0.5ml of dis-
tilled water. The mixture was vortexed, incubated at 4 °C
for 15 min and subsequently vortexed again prior to cen-
trifuging at 1409 g for 10 min in order to remove tannins.
The non-tannin phenolics in the supernatant were then
quantified using the Folin—Ciocalteau method described
above. The difference between the total phenolic content
and the simple phenolic content is the measure of
tannins. Both the total phenolic and the total tannin con-
tents were expressed as pg of gallic acid equivalent
(GAE) 10° cells ™' (Kaur & Kapoor 2001).

The total flavonoid content was determined using the
aluminium chloride colorimetric method. A 50 pl aliquot of
the sample was added to 10 pl of 10% (w/v) AICl; (Bendo-
sen, Malaysia), 10 ul of 1M CH3CO,K (R&M Chemicals,
Malaysia) and 130 ul of distilled water in a well of a micro-
titre plate. The plate was incubated at room temperature for
30 min before the absorbance was measured at 435 nm. The

Phytochemical Method

Reference

Alkaloid 100 pl of the sample were added to 0.5 ml of 2M HCI (Merck, USA) and 0.5 ml of

Kumar et al. (2009)

Dragendroff reagent (R&M Chemicals, Malaysia). The mixture was then centrifuged
at 1409¢g for 5min. The presence of an orange brown precipitate indicated a positive

result

Saponin 100 pul of the sample were boiled with 0.9 ml of distilled water for 15 min. The

Kaur and Arora (2009)

solution was then cooled, mixed vigorously and left to stand for 3 min. The

formation of foam indicated a positive result

Glycoside

A mixture of 100 pl of the sample and 100 ul of 10% (w/v) ethanolic a-naphthol

Silva et al. (1998)

solution (Sigma-Aldrich, USA) was added to 0.5 ml of 98% H,SO, (Merck, USA).
The appearance of a purple ring at the interface indicated the presence of glycosides

Tannin A mixture of 100 pl of the sample and 200 ul of 2% (w/v) NaCl solution (R&M

Nayak et al. (2009)

Chemicals, Malaysia) was centrifuged at 1409g for 5 min. The supernatant was
mixed with 0.5ml of 1% (w/v) gelatin solution (R&M Chemicals, Malaysia). The
presence of a precipitate indicated a positive result

Flavonoid

Magnesium powder (Sigma-Aldrich, USA) and a few drops of fuming HCl (Merck,

Silva et al. (1998)

USA) were added to 0.1 ml of sample. Orange, pink and red to purple colours were
apparent when flavones, flavonols and/or xanthones were present, respectively. If
zinc was used (Sigma-Aldrich, USA) instead of magnesium, a deep red colour was
apparent if flavanonols were present while a weak pink colour was apparent if

flavanones or flavonols were present

Terpenoid

100 pl of the sample were added to 0.9 ml of chloroform (R&M Chemicals,

Kumar et al. (2009)

Malaysia) and 1 ml of acetic anhydride (Sigma-Aldrich, USA) before adding 2 ml of
98% H,SO, to the mixture. The formation of a reddish brown colour indicated the

presence of terpenoids

Sterol/steroid

100 ul of the sample were added to 0.9 ml of chloroform before adding 1 ml of 98%

Kumar et al. (2009)

H,S0O, (Salkowski method). A positive result was indicated by the formation of two
phases, with a yellow/green fluorescent colour appearing in the upper layer
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blank was prepared using distilled water in place of alumin-
ium chloride and the standard curve was obtained using
quercetin as the substrate (Sigma-Aldrich, USA). The total
flavonoid content was expressed as pg quercetin equivalent
(QE) 10’ cells ' (Chang et al. 2002).

Statistical analysis

A one-way ANOVA with post hoc Tukey’s comparison
was performed to compare the attachment and biofilm
formation between control and treatments with tea
extract, and to compare the quantities of phytochemicals
in the cell surface coatings between the two strains of
S. mutans. A nested ANOVA was performed to deter-
mine which tea extracts were most effective at inhibiting
attachment and biofilm formation. All analysis was con-
ducted using SPSS software (PASW Statistics 18; SPSS
Inc.) at a 95% confidence level. All experiments were
performed in triplicate with independently grown
cultures and all values were expressed as means + SD.

Results

The results of the attachment and biofilm assays are pre-
sented in Figure 1. The attachment and biofilm formation
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by the untreated cells of both strains were significantly
(»<0.05) greater on HA than on glass. Bacterial attach-
ment to glass was reduced significantly (p<0.05) by the
extract of oolong tea, for S. mutans ATCC 25175 by
0.6logCFUcm 2 and S. mutans ATCC 35668 by
0.3logCFUcm 2 and by the extract of black tea for
S. mutans ATCC 35668 by 0.31logCFU cm 2 The
attachment of both strains of S. mutans to HA slides was
reduced significantly (p<0.05) by all the tea extracts
tested, by 0.3-0.7log CFUcm 2 depending on the tea
extract and the strain (Figure 1(A) and (B)). Biofilm for-
mation by both strains of S. mutans on glass was only
reduced significantly (p<0.05) by the extract of pu-erh
tea, for S. mutans ATCC 25175 by 1log CFUcm 2 and
S. mutans ATCC 35668 by 1.11log CFU cm™2. However,
biofilm formation on HA was significantly (p<0.05)
reduced by extracts of both pu-erh and chrysanthemum
tea for both strains by 1.1-2.6log CFUcm 2, and by
extract of black tea for S. mutans ATCC 25175 by
1.2log CFUcm 2 (Figure 1(C) and (D)). Notably, bio-
film formation by both strains on HA was significantly
(»<0.05) enhanced by extract of oolong tea. The nested
ANOVA conducted to compare the inhibitory effects of

(B) & ‘ * I
w ' @abppaba Pp bCC
£ 5 - d L
(=} 4
5
Y
o

a

3_

Glass Hydroxyapatite

Cl
oo
*

log CFU cm??

Glass Hydroxyapatite

= Control m Green H Oolong

m Black M Puerh

& Chrysanthemum

Figure 1. Enumeration of the effects of different tea extracts on the attachment of S. mutans ATCC 25175 (A) and S. mutans ATCC
35668 (B) to glass slides and HA, and on biofilm formation by S. mutans ATCC 25175 (C) and S. mutans ATCC 35668 (D) on glass
and HA (log CFUcm™2, n=3). Values labelled with the same letter are not significantly different (p>0.05) among the treatments on
the same surface. *indicates that the attachment or biofilm forming ability of the untreated cells of S. mutans ATCC 25178 were
significantly different from those of S. mutans ATCC 35668 (p <0.05).
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Figure 2. SEM images showing the effect of oolong tea extracts on S. mutans attached to a glass surface. A, B=untreated attached
cells of S. mutans ATCC 25175; C, D=oolong tea extract treated attached cells of S. mutans ATCC 25175; E, F =untreated attached
cells of S. mutans ATCC 35668; G, H=oolong tea extract treated attached cells of S. mutans ATCC 35668. Scale bars=3 um.
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Figure 3. SEM images showing the effect of pu-erh tea extracts on biofilms of S. mutans ATCC 25175. A, B=cells grown without
pu-erh tea extracts on HA; C, D=cells grown with pu-erh tea extracts on HA; E, F=cells grown without pu-erh tea extracts on
glass; G, H=cells grown on with pu-erh tea extracts on glass. Scale bars=3 pum.
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Figure 4. SEM images showing the effect of pu-erh tea extracts on biofilms of S. mutans ATCC 35668. A, B=cells grown without
pu-erh tea extracts on HA; C, D=cells grown with pu-erh tea extracts on HA; E, F=cells grown without pu-erh tea extracts on
glass; G, H=cells grown with pu-erh tea extracts on glass. Scale bars=3 pum.
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Table 2. The results of the phytochemical screening tests on cell coatings.

S. mutans ATCC 25175

S. mutans ATCC 35668

Control Oolong (attachment) Pu-erh (biofilm) Control Oolong (attachment) Pu-erh (biofilm)
Terpenoid — — — — — —
Sterol/steroid - + + - + +
Flavonoid — + + — + +
Tannin - + + - + +
Saponin - - — - — —
Glycoside + + + + + +
Alkaloid — - — — — —
Note: —=a negative reading; +=a positive reading; n=3, using three independently grown cultures. The results for the replicates were consistent.

the tea extracts on attachment and biofilm formation, using
the S. mutans strain and surface type as the independent
variables, indicated that the extract of oolong tea was the
most effective inhibitor of attachment (p<0.05) and
extract of pu-erh tea was the most effective inhibitor of
biofilm formation (p <0.05). For this reason, the effect of
oolong tea extracts on attachment and pu-erh tea extracts
on biofilm formation were selected for further study.

The SEM images in Figure 2 show the appearance of
attached cells of S. mutans with and without treatment with
the extract of oolong tea. It was observed that cells treated
with the extract of oolong tea had coatings on the cell sur-
face (Figure 2(C), (D), (G), and (H)), which were not pres-
ent on the control cells (Figure 2(A), (B), (E), and (F)).

The SEM images in Figures 3 and 4 show the
appearance of S. mutans biofilms with and without treat-
ment with the extract of pu-erh tea. For S. mutans ATCC
25175, it can be seen (Figure 3(C) and (D)) that on the
HA substratum treatment with the extract of pu-erh tea
resulted in coated cells of larger size with rougher cell
surfaces. The cell density was also substantially lower
compared to biofilm cells from the control (Figure 3(A)
and (B)). The distribution of biofilm cells on a flat
(glass) surface differed in treatments with the extract of
pu-erh tea. Specifically, the untreated cells formed chains
and clusters on the surface (Figure 3(E) and (F), while
the treated cells appeared individually (Figure 3(G) and
(H)). Notably, the large and rough cells seen on the HA
surface were not present on the flat glass surface and
only the coated cells, which had similar sizes to the
control cells, were present. Similar observations were

found for S. mutans ATCC 35668 (Figure 4). It was also
noted that the control cells of S. mutans ATCC 35668
(Figures 2(E) and (F), and 4(E) and (F)) appeared to be
surrounded by a larger quantity of an unidentified coat-
ing compared to the control cells of S. mutans ATCC
25175 (Figures 2(A) and (B), and 3(E) and (F)).

The coatings, which were believed to comprise com-
ponents from the oolong and pu-erh teas, were extracted
with acetone and analysed using phytochemical screen-
ing methods. The results (Table 2) show that the coatings
on cells treated with extracts from both oolong and pu-
erh teas (both strains of S. mutans) contained sterols/ste-
roids, tannins, flavonoids and glycosides. Notably, the
untreated cells also contained glycosides. In addition, the
colour response of the flavonoid qualitative test sug-
gested that the flavonoids present were flavonol/flava-
none in all cases (Table 3).

The results from the total phenolic and the total tan-
nic quantitative tests (Figure 5) showed that the coatings
contained ~21-27% of simple phenolic compounds in
all cases (3.19-4.84pg GAE 10°cells™"), and 73-79%
of those were tannins (8.51-18.43 ug GAE 10° cells ™).
The results of the flavonoid quantitative tests are pre-
sented in Table 4. The flavonoid content of coatings was
2.68-6.08 ug QE 10°cells™'. It was noted that the total
phenolic content, the total tannin content and the total
flavonoid content in the surface coatings of S. mutans
ATCC 25175 treated with extracts of both the oolong
and the pu-erh teas were significantly higher (p <0.05)
than those of the coatings from S. mutans ATCC 35668
cells given the same exposures.

Table 3. The results of the flavonoid qualitative screening tests on cell coatings.

S. mutans ATCC 25175

S. mutans ATCC 35668

Control Oolong (attachment) Pu-erh (biofilm) Control Oolong (attachment) Pu-erh (biofilm)
Flavone/xanthone — — - — _
Flavanonol — — — — _
Flavonol/flavanone — + _ + +

Note: —=a negative reading; +=a positive reading; n=3, using three independently grown cultures. The results for the replicates were consistent.
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Figure 5. Quantification (ugGAE 10°cells™', mean+SD,
n=23) and ratios (%) of tannins and simple phenolics in the cell
surface coatings of (A) oolong tea extract treated cells of
S. mutans ATCC 25175, (B) cells of S. mutans ATCC 25175
grown with pu-erh tea extracts, (C) oolong tea extract treated
cells of S. mutans ATCC 35668, and (D) cells of S. mutans
ATCC 35668 grown with pu-erh tea extracts.
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Discussion

The result of the attachment assay shows that a greater
number of tea extracts had an inhibitory effect on attach-
ment to HA than to glass for the two S. mutans strains
used in this study (Figure 1). This could result from the
super hydrophilic nature of HA which has a water
contact angle of 8.11°4+1.35°. According to the interfa-
cial thermodynamic theory (van Oss et al. 1985), this
hydrophilic nature will result in weaker hydrophobic
interactions between the surface and the cells of
S. mutans, which have been reported to be highly hydro-
phobic (Nostro et al. 2004), thereby resulting in lower
attachment forces. By contrast, the number of cells
attached and in the biofilm was higher on HA than on
glass for both strains of S. mutans (Figure 1). This result
may be attributed to the roughness of the HA surface,
which provides a larger surface area for the attachment
of bacterial cells. Although extracts from oolong tea
were determined to be the best inhibitor of attachment,
this extract was also found to promote biofilm formation
on HA (Figure 1(C) and (D)), this may be because it
induces cells of S. mutans to auto-aggregate (Matsumoto
et al. 1999). The results from the current study also
showed that extracts from green tea did not inhibit the
attachment of cells or reduce the formation of a biofilm
to any appreciable extent for either strain of S. mutans.
This finding suggests that monomeric tea phenolics
alone, which are high in green teas but lower in fer-
mented teas due to polymerisation, might not contribute
to inhibiting attachment and biofilm formation (Friedman
2007). The inhibitory effect of tea extracts on cell attach-
ment and biofilm formation observed in the current study
may therefore be a result of large molecules in the
extracts or the synergistic effect of polymeric and mono-
meric tea phenolics.

SEM (Figures 2—4) demonstrated that cells of S.
mutans were coated by components from the tea extracts.
This suggests that bacterial cell surface components can
bind to polyphenolic compounds, especially large mole-
cule phenolics (tannins) which have a high affinity for
proteins and carbohydrates (McMahon et al. 2000).

The biofilm cells coated with extract of pu-erh tea
(Figures 3(C) and (D), and 4(C) and (D)) had larger
sizes and rougher surfaces than untreated cells (Figures 3
(A) and (B), and 4(A) and (B)). However, the enlarged
cells were present on the HA (rough) slides but not on
the glass (flat) slides (Figures 3(G) and (H), and 4(G)
and (H)), suggesting that the enlarged cells cannot form
a biofilm on the smoother surface. This could be attrib-
uted to the roughness of the HA surface which may
affect the initial attachment of the bacterial cells (Goulter
et al. 2011) and subsequently also influence the forma-
tion of a biofilm. The increased size of the cells may
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Table 4. The results of flavonoid quantitative tests on cell coatings.

S. mutans ATCC 25175

S. mutans ATCC 35668

Control Oolong (attachment) Pu-erh (biofilm) Control Oolong (attachment) Pu-erh (biofilm)

Total flavonoid content 0.38+0.04 6.08+£0.96

(ug QE 1077 cells)

5.47+0.72

0.17+0.08 4.41+0.27 2.68+£0.34

Note: All results are presented as means+SD (n=3).

also alter the steric arrangement between them, altering
initial attachment and resulting in cells not attaching in
clumps or chains (Clark & Gibbons 1977). The SEM
images also show that treatment with the extract from
pu-erh tea altered the distribution of cells in the biofilm
formed on glass. Cells arranged in chains and clusters
(Figures 3(E) and (F), and 4(E) and (F)) were replaced
by cells attached individually (Figures 3(G) and (H), and
4(G) and (H)), suggesting that extract of pu-erh tea may
alter cellular aggregation. As outlined above, tea coatings
that can affect cell surface properties and therefore
attachment may also alter cell to cell interactions. It is
also possible that components of tea might coat the sur-
face of the substratum, especially HA (tea is known to
stain tooth surfaces), as the substratum slides were incu-
bated with the cell suspension in the presence of tea
extract during the attachment and biofilm assays. Any
coating on the surface of the substratum might also
affect cellular attachment and biofilm formation. This
approach simulates what is likely to happen in the mouth
if bacteria are exposed to tea, and further research is
required to establish what effect tea has in terms of coat-
ing the surface of the substratum.

Glycosides, sterols/steroids, flavonoids and tannins
were found in the coatings covering the cell surfaces
(Table 2). Glycosides were also present in the controls
and are probably components of the cells themselves
rather than arising from the coatings. The presence of
sterols/steroids was determined by the Salkowski method,
which indicated the presence of indolic compounds
(Glickmann & Dessaux 1995). The positive results
observed could be due to the presence of tea indoles
which are usually components of the flavour or the pig-
ment compounds of tea (Kubo & Morimitsu 1995). The
flavonoid components of the coating were identified as
flavonol or flavanone (Table 3). Tea does not contain
flavanones but it does contain three flavonols, quercetin,
kaempferol and myricetin (Wang & Helliwell 2001).
Quercetin and kaempferol are highly water insoluble and
since experiments were conducted in a water-based sys-
tem (PBS), myricetin was the most likely flavonol present
in the cell coatings. However, since there is no screening
method for flavon-3-ols, which are a major phenolic con-
stituent in low-degree fermented tea (such as oolong),
and flavon-3-ols have been reported to be able to bind to

various types of proteins (Mori et al. 2010), it is also rea-
sonable to assume that flavon-3-ols were also part of the
flavonoid content in the coatings of cells treated with
extract of oolong tea. In the qualitative and quantitative
phytochemical screening tests, tannins are regarded as
large molecule (MW >500) polyphenolic compounds.
Dimers or polymers of flavon-3-ols, namely theaflavin
and thearubigin, are the most common tannins in tea
products (Graham 1992), and were assumed to be the
major tannin component in the cell coatings.

The phenolic constituents found in the coatings on
the bacterial cells were mostly hydrophilic but they still
contained hydrophobic moieties, such as aromatic rings,
which may interact with hydrophobic components of the
cell membrane (Nalina & Rahim 2007). Therefore, it is
suggested that the hydrophilic moieties (such as hydroxyl
groups) of the phenolic compounds may be exposed on
the cell surface and ‘neutralize’ cell surface hydrophobic-
ity. This would result in an enhanced interaction between
the cells and the liquid (water-based) medium, but a
reduced interaction between the cells and the surface
during attachment to a substratum. In addition, coating
of the cell surface may block surface proteins and struc-
tures that interact with the surface of the substratum.

The ratio of tannins to simple phenolics in each of
the coatings was approximately 3:1 (Figure 5) suggesting
that larger molecule polyphenols bind more readily to
surface components of the S. mutans cell than smaller
compounds. In general, tannins have a higher affinity for
proteins (Rawel et al 2006) and carbohydrates (Shahidi
& Naczk 2004) compared to simple phenolics. It has
been suggested that the proteins on the surface of
S. mutans play an important role in the interactions
between bacterial cells and polyphenols (Matsumoto
et al. 1999). The preferred binding sites of phenolic
compounds are usually hydroxyl groups and this can
facilitate interactions with proteins, particularly trypto-
phan residues, either via covalent bonds or non-covalent
bindings such as hydrogen bonds and electrostatic attrac-
tion (Rawel et al 2006). Tannins have more hydroxyl
residues than simple phenolics and therefore may exhibit
higher binding efficiencies to surface components of S.
mutans cells. A study by Matsumoto et al. (1999) also
indicated that it was the polymeric polyphenols in
oolong tea that were responsible for the alteration in the
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surface properties and the inhibition of attachment of
cells of S. mutans.

The total flavonoid, total tannin and total phenolic
contents (Figure 5 and Table 4) in the surface coatings
of S. mutans ATCC 25178 were approximately one-third
higher (p<0.05) than those of S. mutans ATCC 35668,
suggesting that S. mutans ATCC 25178 cells bind to tea
components more readily. This could be due to a higher
amount of an unidentified substance (possibly extracellu-
lar polysaccharide) surrounding the cells of S. mutans
ATCC 35668. This substance might occupy or block
some of the binding sites on the cell surface thereby
reducing the amount of components that can bind from
the tea extracts. This feature of the data also highlights
the importance of strain variation in investigating mecha-
nisms to prevent bacterial adhesion to surfaces.

Additional studies are required to simulate the situa-
tion in the oral cavity more realistically. For example, it
would be useful to investigate the effect of tea on wild
type S. mutans, isolated from the human oral cavity
which may behave differently from laboratory strains.
The concentrations of tea extracts used in this study
(which were at sub-minimum inhibitory concentration
[MIC] levels) were lower than those in a cup of freshly
brewed tea, which may reach a dose that is inhibitory or
lethal to cells of S. mutans, especially in the case of
green and oolong tea (Xu et al. 2012). It is therefore
likely that immediately after tea consumption, cells of S.
mutans in the oral cavity could be killed or inhibited.
The concentration of tea will subsequently be diluted
gradually by saliva to sub-MIC level, at which point the
attachment of cells or biofilm formation may be sup-
pressed. Furthermore, tea may have concomitant effects
on dental surfaces, which could also influence the poten-
tial for attachment by bacterial cells and subsequent bio-
film formation.

In summary, components in the extract of oolong tea
reduced the attachment of cells of S mutans and compo-
nents in the extract of pu-erh tea reduced biofilm forma-
tion. Specifically, it is suggested that flavonoids, tannins
and indolic compounds coat the surfaces of cells, proba-
bly altering cell surface properties and thereby affecting
the interactions between bacterial cells and the surface of
the substratum.

References

Aas JA, Griffen AL, Dardis SR, Lee AM, Olsen I, Dewhirst
FE, Leys EJ, Paster BJ. 2008. Bacteria of dental caries in
primary and permanent teeth in children and young adults.
J Clin Microbiol. 46:1407-1417.

Apella MC, Venegas SC, Rodenas LAG, Belsa MA, Morando
PJ. 2008. Synthetic hydroxyapatite as a surface model of
dental enamel and dentine. J Argent Chem Soc. 97:109—
118.

Biofouling 317

Cassat JE, Lee CY, Smeltzer MS. 2007. Investigation of bio-
film formation in clinical isolates of Staphylococcus aureus.
Methods Mol Biol. 391:127-144.

Chang CC, Yang MH, Wen HM, Chern JC. 2002. Estimation
of total flavonoid content in propolis by two complemen-
tary colorimetric methods. J Food Drug Anal. 10:178-182.

Clark WB, Gibbons RJ. 1977. Influence of salivary components
and extracellular polysaccharide synthesis from sucrose on
the attachment of Streptococcus mutans 6715 to hydroxy-
apatite surfaces. Infect Immun. 18:514-523.

Forssten SD, Bjorklund M, Ouwehand AC. 2010. Streptococ-
cus mutans, caries and simulation models. Nutrients.
2:290-298.

Friedman M. 2007. Overview of antibacterial, antitoxin, antivi-
ral, and antifungal activities of tea flavonoids and teas. Mol
Nutr Food Res. 51:116-134.

Glickmann E, Dessaux Y. 1995. A critical examination of the
specificity of the Salkowski reagent for indolic compounds
produced by phytopathogenic bacteria. Appl Environ
Microbiol. 61:793-796.

Goulter RM, Taran E, Gentle IR, Gobius KS, Dykes GA. 2011.
Surface roughness of stainless steel influences attachment
and detachment of Escherichia coli O157. J Food Protect.
74:1359-1363.

Graham HN. 1992. Green tea composition, consumption, and
polyphenol chemistry. Prev Med. 21:334-350.

Hada LS, Kakiuchi N, Hattori M, Namba T. 1989. Identifica-
tion of antibacterial principles against Strepfococcus mutans
and inhibitory principles against glucosyltransferase
from the seed of Areca catechu L. Phytother Res. 3:140—
144.

Hamilton-Miller J. 2001. Anti-cariogenic properties of tea
(Camellia sinensis). J] Med Microbiol. 50:299-302.

Kaur C, Kapoor HC. 2001. Anti-oxidant activity and total phe-
nolic content of some Asian vegetables. Int Food Sci Tech.
37:153-161.

Kaur GJ, Arora DS. 2009. Antibacterial and phytochemical
screening of Anethum graveolens, Foeniculum vulgare and
Trachyspermum ammi. BMC Complement Altern Med.
9:30.

Kubo I, Morimitsu Y. 1995. Cytotoxicity of green tea flavor
compounds against two solid tumor cells. J Agric Food
Chem. 43:1626—-1628.

Kumar A, Ilavarasan R, Jayachandran T, Decaraman M,
Aracindhan P, Padmanabhan N, Krishnan MRV. 2009. Phy-
tochemicals investigation on a tropical plant, Syzygium
cumini from Kattuppalayam, Erode District, Tamil Nadu,
South India. Pakistan J Nutrit. 8:83-85.

Marsh PD. 1994. Microbial ecology of dental plaque and its
significance in health and disease. Adv Dent Res. 8:263—
271.

Matsumoto M, Minami T, Sasaki H, Sobue S, Hamada S,
Ooshima T. 1999. Inhibitory effects of oolong tea extract
on caries-inducing properties of mutans streptococci. Caries
Res. 33:441-445.

McMahon LR, McAllister TA, Berg BP, Majak W, Acharya
SN, Popp JD, Coulman BE, Wang Y, Cheng KJ. 2000. A
review of the effects of forage condensed tannins on rumi-
nal fermentation and bloat in grazing cattle. Can J Plant
Sci. 80:469-485.

Mori T, Ishii T, Akagawa M, Nakamura Y, Nakavama T. 2010.
Covalent binding of tea catechins to protein thiols: the rela-
tionship between stability and electrophilic reactivity.
Biosci Biotechnol Biochem. 74:2451-2456.



Downloaded by [Monash University Library] at 07:16 28 March 2013

318 Y. Wang et al.

Nalina T, Rahim ZHA. 2007. The crude aqueous extract of
Piper betle L. and its antibacterial effect towards Strepfo-
coccus mutans. Am J Biochem Biotechnol. 3:10-15.

Nayak BS, Sandiford S, Maxwell A. 2009. Evaluation of the
wound-healing activity of ethanolic extract of Morinda
citrifolia L. leaf. Evid-based Compl Alt. 6:351-356.

Nostro N, Cannatelli MA, Crisafi G, Musolino AD, Procopio F,
Alonzo V. 2004. Modifications of hydrophobicity, in vitro
adherence and cellular aggregation of Streptococcus mutans
by Helichrysum italicum extract. Lett Appl Microbiol.
38:423-427.

Otake S, Makimura M, Kuroki T, Nishihara Y, Hirasawa M.
1991. Anticaries effects of polyphenolic compounds from
Japanese green tea. Caries Res. 25:438-443.

Perva-Uzunali¢ A, Skerget M, Knez Z, Weinreich B, Otto F,
Grunner S. 2006. Extraction of active ingredients from
green tea (Camellia sinensis): extraction efficiency of major
catechins and caffeine. Food Chem. 96:597—605.

Peterson J, Dwyer J, Bhagwat S, Haytowitz D, Holden J,
Eldridge AL, Beecher G, Aladesanmi J. 2005. Major
flavonoids in dry tea. J] Food Compos Anal. 18:487-501.

Rasheed A, Haider M. 1998. Antibacterial activity of Camellia
sinensis extracts against dental caries. Arch Pharmacal Res.
21:348-352.

Rawel HM, Frey SK, Meidtner K, Kroll J, Schweigert FIJ.
2006. Determining the binding affinities of phenolic com-
pounds to proteins by quenching of the intrinsic tryptophan
fluorescence. Mol Nutr Food Res. 50:705-731.

Shahidi F, Naczk M. 2004. Phenolics in food and nutraceuti-
cals. In: Shahidi F, Naczk M, editors. Nutritional and phar-
macological effects of food phenolics. Boca Raton (FL):
CRC Press; p. 327-396.

Silva GL, Lee IS, Kinghorn AD. 1998. Special problems with
the extraction of plants. In: Canell RJP, editor. Natural
products isolation (Methods in Biotechnology). New Jersey
(NJ): Humana press; p. 343-363.

Tagashira M, Uchiyama K, Yoshimura T, Shirota M, Uemitsu N.
1997. Inhibition by hop bract polyphenols of cellular
adherence and water-insoluble glucan synthesis of mutans
streptococci. Biosci Biotechnol Biochem. 61:332-335.

van Oss CJ, Good RJ, Chaudhury MK. 1985. The role of van
der Waals forces and hydrogen bonds in ‘hydrophobic
interactions’ between biopolymers and low energy surfaces.
J Colloid Interf Sci. 111:378-390.

Wang H, Helliwell K. 2001. Determination of flavonols in
green and black tea leaves and green tea infusions by high-
performance liquid chromatography. Food Res Int. 34:223—
227.

Xu X, Zhou XD, Wu CD. 2012. Tea catechin epigallocate-
chin gallate inhibits Streptococcus mutans biofilm for-
mation by suppressing gtf genes. Arch Oral Biol.
57:678—683.

Zhang J, Kashket S. 2000. Inhibition of salivary amylase by
black and green teas and their effects on the intraoral
hydrolysis of starch. Caries Res. 32:233-238.



Wang et al. BMC Research Notes 2013, 6:143
http://www.biomedcentral.com/1756-0500/6/143

BMC
Research Notes

SHORT REPORT Open Access

Inhibition of attachment of oral bacteria to
immortalized human gingival fibroblasts (HGF-1)
by tea extracts and tea components

Yi Wang, Felicia FL Chung, Sui M Lee and Gary A Dykes

Abstract

Background: Tea has been suggested to promote oral health by inhibiting bacterial attachment to the oral cavity.
Most studies have focused on prevention of bacterial attachment to hard surfaces such as enamel.

Findings: This study investigated the effect of five commercial tea (green, oolong, black, pu-erh and
chrysanthemum) extracts and tea components (epigallocatechin gallate and gallic acid) on the attachment of five
oral pathogens (Streptococcus mutans ATCC 25175, Streptococcus mutans ATCC 35668, Streptococcus mitis ATCC
49456, Streptococcus salivarius ATCC 13419 and Actinomyces naeslundii ATCC 51655) to the HGF-1 gingival cell line.
Extracts of two of the teas (pu-erh and chrysanthemum) significantly (p < 0.05) reduced attachment of all the
Streptococcus strains by up to 4 log CFU/well but effects of other teas and components were small.

Conclusions: Pu-erh and chrysanthemum tea may have the potential to reduce attachment of oral pathogens to
gingival tissue and improve the health of oral soft tissues.

Keywords: Tea, Oral bacteria, Attachment, Gingival cells, Pu-erh, Chrysanthemum

Findings

Introduction

Oral Streptococci such as Streptococcus mutans are patho-
gens commonly associated with dental plaque and the for-
mation of caries [1]. In order to initiate disease these
bacteria must attach to components of the oral cavity such
as the enamel, tongue, saliva or gums [2].

Plant extracts and phytochemicals can inhibit bacterial
attachment to abiotic and biotic surfaces by altering cell
surface properties including hydrophobicity, surface charge
and the presence of structures such as flagella [3-5]. Tea
is one such potential attachment inhibitor [6]. Non-
fermented teas or partially-fermented teas, such as green
tea and oolong tea, have strong bactericidal activity and
may inhibit bacterial attachment to some elements of the
gastrointestinal tract [7-11]. Fully fermented teas, such as
black tea and pu-erh tea, have less effective bactericidal ac-
tivity but may inhibit attachment of bacteria to dental
plaque [12].
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Previous studies investigating bacterial attachment and
inhibition by phytochemicals to components of the oral
cavity have focused on attachment to hard surfaces such as
enamel [10,13,14]. Attachment of bacteria to soft tissues in
the mouth can also initiate disease and for this reason we
investigated the effects of tea extracts and tea components
on attachment of oral pathogenic bacteria to an immortal-
ized line of connective gingival fibroblasts in vitro.

Materials and methods

Bacteria and growth conditions

Five strains of bacteria, namely Streptococcus mutans
(ATCC 25175), Streptococcus mutans (ATCC 35668),
Streptococcus mitis (ATCC 49456), Streptococcus salivarius
(ATCC 13419) and Actinomyces naeslundii (ATCC 51655),
were selected for this study and obtained from the
American Type Culture Collection (Manassas, USA). All
bacteria were maintained on Mitis Salivarius Agar (MSA;
Difco, USA) at 4°C and grown in Tryptic Soy Broth (TSB;
Merck, USA) at 37°C for 24 h with shaking at 150 rpm for
all experiments. Bacterial suspensions were prepared by
centrifuging 20 mL of TSB cultures at 7669 x g and 4°C
for 15 min, washing the resultant pellet gently with

© 2013 Wang et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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phosphate buffered saline (PBS; 2.7 mM KCl, 10 mM
Na,HPO,, 17 mM KH,PO,, 137 mM NaCl, pH 7.4; 1st
BASE, Singapore) and resuspending it in 20 mL PBS, tea
extract solutions or tea component solutions prepared as
described below.

Preparation of tea extracts and tea components
Commercial green tea, oolong tea, black tea, pu-erh tea
and chrysanthemum tea (Ten Ren Tea Co. Ltd., Taiwan)
extracts were prepared using 90% acetone (Sigma Aldrich,
USA) at the ratio of 1:20 (wt/vol) for 2 h. The resultant ex-
tracts were evaporated under vacuum at 40°C, freeze dried
and stored at —20°C until further use. Using this method
reportedly allows for extraction of more than 95% of
the phenolic compounds in tea, including catechins,
myricetin, quercetin and kaempherol [15]. Epigallocatechin
gallate (EGCg; 95% [vt/vt]; Sigma-Aldrich) and gallic acid
(Sigma-Aldrich) were also used as they are major phenolic
components of teas. Specifically, EGCg constitutes approxi-
mately 10% of the dry weight of green tea and its level de-
creases with increasing degree of fermentation [16]. Levels
of gallic acid, on the other hand, increase with fermentation
and constitute approximately 0.5% dry weight of black tea
[17]. The stock solutions for all experiments were prepared
by dissolving 100 mg of tea extracts or tea component in
10 mL PBS containing 1% (vol/vol) methanol (Systerm,
UK) and the resultant solutions were filter sterilized though
a 0.2 pm filter (Millipore, USA).

Determination of total phenolic, total tannin and total
flavonoid content

Total phenolic and total tannin contents of the tea ex-
tracts were determined using the Folin-Ciocalteau colori-
metric method [18]. To determine the total phenolic
content, a 15 pL tea extract solution (1 mg/mL) was added
to 80 pL of 7.5% (wt/vol) sodium carbonate (R&M
Chemicals, Malaysia) and 75 pL of 10% (vol/vol) Folin-
Ciocalteau reagent (R&M Chemicals) in a well of a micro-
titre plate (Jet Biofil, China). The plate was incubated in
the dark for 30 min before measuring the absorbance at
765 nm. To determine the total tannin content, 0.5 mL of
the sample solution was mixed with 0.5 mL of distilled
water and 50 mg of poly(vinylpolypyrrolidone) (PVPP;
Sigma-Aldrich) which has a high affinity to tannins. The
mixture was vortexed, incubated at 4°C for 15 min and
vortexed again prior to centrifuging at 1409 g for 10 min
in order to remove tannins. The supernatant containing
non-tannin phenolics was then quantified using the
Folin-Ciocalteau method described above. The difference
between the total phenolic content and the non-tannin
phenolic content is the measure of tannins. A standard
curve was plotted using gallic acid, and the total phenolic
and total tannin contents were expressed as pg gallic acid
equivalent (GAE) / mg.
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Total flavonoid content was measured using the
aluminum chloride colorimetric method [19]. A 50 pL
of tea extract sample dissolved in methanol (1 mg/mL)
was added to 10 pL of 10% (wt/vol) aluminum chloride
(Bendosen, Malaysia), 10 pL of 1 M potassium acetate
(R&M Chemicals) and 80 pL of distilled water in the
wells of a microtitre plate. The plate was incubated at
room temperature for 30 min before the absorbance was
measured at 435 nm. The blank was prepared using dis-
tilled water in place of aluminum chloride. A standard
curve was plotted using quercetin (Sigma-Aldrich) and
the total flavonoid content was expressed as pg quer-
cetin equivalent (QE) / mg.

Cell culture

Immortalized human gingival fibroblast-1 HGF-1 (ATCC
CRL-2014) were obtained from the American Type Cul-
ture Collection and cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich)
supplemented with 4 mM L-glutamine (Sigma-Aldrich)
and 10% (vol/vol) heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich). No antibiotic supplement was
used. Cells were incubated at 37°C in 5% CQO, atmos-
phere, fed every 48 h and routinely sub-cultured every 5 -
days with a split ratio of 1:3 using 1 x trypsin-EDTA
(0.05%; Sigma-Aldrich) for 3 min at 37°C.

Bacterial attachment assay

Bacterial attachment assays were as described by Mellor,
Goulter, Chia, and Dykes [20] with some modifications.
Briefly, monolayers of HGF-1 cells were grown in 24-
well tissue culture plates (Jet Biofil) to a density of 1.8
(+0.2) x 10° cells per well (approximately 100% cover-
age). Prior to the attachment assay the culture medium
in each well was removed and the cell monolayer was
washed with PBS. The monolayer was incubated at 37°C
for 30 min with 2 mL aliquots of tea extracts or tea
components (PBS as control) containing suspended bac-
teria (~1 x 10’ CFU/mL). The concentrations of the tea
extracts and compounds used to suspend bacteria were
previously determined by antimicrobial susceptibility as-
says and cytotoxicity assays not kill or inhibit the bac-
teria or the HGF-1 cells at the concentrations used in
this study. After incubation the supernatant in each well
was removed and the wells were washed three times
with 2 mL PBS. The monolayer with bacteria attached
was then detached by incubating with 400 uL 0.3 x tryp-
sin-EDTA (at which concentration trypsin does not kill
or inhibit the bacteria) at 37°C for 5 min. The detached
bacteria were then serial diluted, spread plated on
Tryptic Soy Agar (TSA; Merck) and quantified after
24 h incubation. The ability of bacteria to attach to wells
without HGF-1 cells was also determined in order to en-
sure that the bacteria attached to HGF-1 cells but not to
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the plastic material of the plate. The numbers of bacteria
attached to the cell line was expressed as log CFU/well.

Statistical analysis

A one way ANOVA (Tukey’s comparison) was performed
on all data sets using MINITAB software (MINITAB 15.1;
Minitab Inc., USA) at a 95% confidence level. All assays
were performed in triplicate with independently grown
cultures.

Results and discussion

The results of total phenolic, total tannin and total flavon-
oid content assays are presented in Table 1. The total
phenolic and total flavonoid content decreased and total
tannins increased, with an increasing degree of fermenta-
tion from green tea to oolong tea to black tea to pu-erh
tea. These differences between teas are probably due to
the polymerization of flavonoids (especially flavon-3-ols)
into large molecule polyphenols (tannins) which occur
during the fermentation process [16]. Chrysanthemum
tea, which is a blend of black tea and dried chrysanthe-
mum, had similar levels of total phenolic and total tannin
to pu-erh tea and similar levels of flavonoids to green
tea. This suggests that dried chrysanthemum is rich
in flavonoids.

Baseline data for attachment of the bacterial strains to
the cell line and empty wells are shown in Table 2. Bacter-
ial attachment to the cell line was ~2 log higher (p < 0.05)
than that to the plastic in the wells indicating that 90%
to 99% of bacteria were attached to the cell line and valid-
ating the assay.

The results of assays investigating the effect of the tea
extracts and tea components on bacterial attachment
to the cell line are presented in Figure 1. All strains
exhibited a similar ability to attach to the cell line except
for Streptococcus salivarius ATCC 13419 which attached
in significantly lower numbers as compared to Strepto-
coccus mitis ATCC 49456 (p < 0.05). Green tea extracts,
oolong tea extracts and black tea extracts inhibited the
attachment of Streptococcus mitis ATCC49456 by be-
tween ~1 and ~2 log CFU/well (90-99% attachment
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inhibition; p <0.05), but had no effect on the other
strains (p >0.05). Pu-erh tea extracts and chrysanthe-
mum tea extracts, on the other hand, reduced the
attachment of all Streptococcus strains to cells by be-
tween ~2 and ~4 log CFU/well (99-99.99% attachment
inhibition; p<0.05). The attachment of Actinomyces
naeslundii ATCC 51665 to cells was not affected by any
of the tea extracts tested (p > 0.05). Of particular note is
that the extract of chrysanthemum tea, which, as men-
tioned above, is a blend of black tea and dried chrysan-
themum, had a greater (p<0.05) effect on inhibiting
attachment than the black tea extract alone. This sug-
gests that the active compounds in the chrysanthemum
tea extract were contributed by the chrysanthemum
components and not the black tea components of the
mix. Pu-erh tea and chrysanthemum tea extracts, which
were found to contain relatively higher levels of tannin,
had a greater effect (p <0.05) than the non-fermented or
partially-fermented tea extracts on Streptococcus strains,
suggesting that Streptococci may be more sensitive to
polymeric flavonoids or other large molecule polyphe-
nols with respect to their attachment to HGF-1.
Non-fermented or partially-fermented teas, such as
green tea and oolong tea, have been previously shown to
inhibit the attachment of Streptococcus mutans to colla-
gen and tooth surfaces [12]. As indicated, in our study
extracts of these teas only slightly inhibited the attach-
ment of one bacterial strain to the gingival cell line. In
addition, EGCg and gallic acid were found to have no
significant effect (p > 0.05) on the ability of all strains to
attach to the cell line. This finding suggests a possible
reason for the relative ineffectiveness of the lower degree
fermented tea extracts (green tea and oolong tea), which
are rich in these compounds, in inhibiting adhesion.
Fibronectin (Fn) is located on the outer surface of the
HGE-1 plasma membrane and acts as a receptor protein
for oral bacteria such as Treponema denticola [21].
Streptococcus mutans and Streptococcus salivarius have
wall-associated protein A (wapA) in their outer mem-
brane that allows them to bind collagen and a wide
range of extracellular matrix molecules including type I
collagen, laminin, keratin and Fn [22,23]. Tea catechins,

Table 1 Total phenolic, total tannin and total flavonoid contents of the tea extracts

Total phenolic content

Total tannin content Total flavonoid content

(g GAE / mg) (g GAE / mg) (ng QE / mg)

Green tea 527 + 34 (a) 149 + 26 (a) 730+ 068 (a)
Oolong tea 469 + 28 (a, b) 161 +35 (a, b) 489+0.14 (b)
Black tea 411+£20 (b, 0 241£19 (b, 0 297+059 (0
Pu-erh tea 349 + 35 (c) 305 + 34 () 1.68+0.68 (¢
Chrysanthemum tea 376+ 13 () 280+ 8 (c) 761 +042 (a)

All results are presented as the means followed by SDs. Values labeled with the same letter are not significantly different (p > 0.05) among the tea extract

samples. Tukey’s comparisons were conducted separately for each assay.
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Table 2 Baseline data for bacterial attachment to the HGF-1 cell line and empty wells

MeanzSD attachment (log CFU/well)

Streptococcus mutans Streptococcus mutans Streptococcus salivarius Streptococcus mitis Actinomyces naeslundii

ATCC25175 ATCC35668 ATCC13419 ATCC49456 ATCC51655
Attachment to cell line 4.67 £0.25 4.75+035 3.68+0.77 511+0.14 468 +0.34
Attachment to empty 237+0.18 2381027 2.14+049 234+047 219+£0.08

wells

such as EGCg, have been reported to impair the adhe-
sion promoting ability of Fn [24], and inhibit the interac-
tions between Fn and attaching cells by binding to the
En receptor integrin B1 [25]. These catechins should the-
oretically inhibit attachment but this was not the case in
our study.

This study suggests that the mechanisms of inhibition
of attachment of oral pathogens to gingival cells by tea or
tea extracts may be different than that of inhibition to
other components of the oral cavity. Based on this in vitro
study extracts of pu-erh tea and chrysanthemum tea, in

particular, may have the potential to reduce attachment of
oral pathogens to gingival tissue and improve the health of
oral soft tissues but this finding needs to be confirmed by
in vivo studies. In order to further assess the situation in
the oral cavity testing fresh brewed teas (hot water
extracts) for adhesion inhibitory effect is required. The
experimental setup used in this study could also be used
to evaluate the effect of tea on the adhesion of other oral
pathogenic microorganism, such as Candida albicans,
which have been reported to adhere to human buccal
epithelial cells and cause oral candidosis [26].
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