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Abstract
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The oral microbial communities are some of the most complex microbial floras in the
human body. Occurrence of oral disease results from disturbance of the equilibrium of
this ecosystem. Dental caries or tooth decay is the most common oral disease particularly
in children characterized by irreversible destruction of the tooth mediated by
demineralization of dental surfaces. These processes are the result of interactions between
the various microbial species embedded in the biofilm formed on tooth surface known as
dental plaque. These complex interactions between metabolically active microbial species
cause fluctuations in pH ultimately resulting in dissolution of the dental hard tissues and
formation of carious lesions. The bacterial species Streptococcus mutans has long been
considered the etiologic agent of caries, however recent in vitro evidence seem to indicate
a role for the fungal species Candida albicans in mediating cariogenic development via
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its physical and metabolic interactions with S. mutans. However, in depth investigations
are required to determine mechanistically precise details of adhesion and signaling under
conditions of co-existence. To that end, the goal of this proposal is to characterize the
interaction between C. albicans and S. mutans using biologically relevant in vitro model
systems. Specifically, we aim to demonstrate that the strong co-adherence of these
diverse oral pathogens to each other and to oral surfaces results in the formation of
mature biofilms, a pre-requisite for the development of dental caries. Importantly, as
design of effective therapies to treat caries has been a challenge, this project also aimed to
develop a novel antimicrobial bioadhesive hydrogel formulation for use as oral topical
agent with targeted action geared towards blocking microbial adhesion to surfaces and in
turn prevention and eradication of biofilms. The accomplishment of the work proposed in
this project will provide crucial insights into the potential role of C albicans in the
development of dental caries, an area of research that is yet to be explored. The ultimate
goal is to contribute to our understanding of the various factors and conditions that play a
role in microbial colonization and the progression of colonization to infection. Such
crucial information will have important clinical implications as it aids in the identification
and the design of novel therapeutic strategies aimed at the prevention and/or treatment of
dental caries and oral infections in general. Significantly, the novel findings generated
strongly indicate that the presence of C. albicans in the oral environment should be
considered as an additional factor in evaluating risks of caries.
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I-Introduction

Despite all efforts towards its control and prevention, dental caries still remains a
global health problem affecting all ages. Formation of biofilm in the oral cavity is a
biological process associated with the attachment, detachment and proliferation of oral
bacteria. Interactions occurring between microorganisms contribute to the development
of polymicrobial biofilm communities. In particular, the ability of partner organisms to
engage physically or metabolically is believed to be fundamental to the growth, survival,
and virulence of individual species.
It has been hypothesized that the ability of oral streptococci to interact with the fungal
pathogen C. albicans physically and possibly chemically promotes C. albicans
colonization in the oral cavity and the development of polymicrobial communities.
However, the characteristics of multi-species C. albicans biofilms and how oral bacteria
modulate these biofilms is poorly understood. Understanding the processes by which
microbial communities develop in the human host should help in formulating new
strategies to modulate biofilm formation and control disease processes such as dental
caries. To that end, the overall aim of this project is to characterize the interaction
between the cariogenic bacteria S. mutans and C. albicans in biofilm and identify novel
therapeutic strategies for impeding adherence and biofilm formation.
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Hypothesis: We hypothesize that C. albicans and S. mutans interactions are synergistic
and mutualistic in nature and involve physical, interactions that impact the development
and progression of dental caries. Therefore, there is a critical need to develop novel
antimicrobial formulations to impede the development of polymicrobial biofilms.
This hypothesis will be validated through the accomplishment of the following specific
aims:
Specific Aims
1. Characterize the physical interaction in mixed-species biofilm grown on
hydroxyapatite substratum and human teeth.
2. Identify surface receptors involved in microbial co-adherence.
3. Develop novel antimicrobial topical formulation against microbial adherence and
biofilm formation.
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II-Background and Significance

The human mouth with its diverse niches and ample supply of nutrients is
undoubtedly conducive for the unrestricted formation of natural microbial biofilms. The
oral microbial communities are some of the most complex microbial floras in the human
body, consisting of more than 700 different bacterial species (Dewhirst, Chen et al. ;
Jenkinson and Lamont 2005). Occurrence of disease results from disturbance of the
equilibrium of this complex ecosystem where population shifts lead to overrepresentation
of pathogenic species which contribute to the onset and progression of the most common
oral diseases, caries and periodontal disease (Kuboniwa 2012).
The dental tissues-enamel, dentin, and cementum-constitute the oral solid surfaces
coated by a pellicle to which the microbial cells attach. The primary colonizers and
secondary organisms stick to each other on the surface of teeth and generate a matrix of
exopolysaccharide within which cells grow forming a community with a collective
physiology (Kidd EAM 2004). The resulting biofilm formed, known as dental plaque,
subjects the teeth and gingival tissues to high concentrations of microbial metabolites
which result in dental disease (Kolenbrander 2002; Jenkinson and Lamont 2005). The
interactions between the various species in these mixed biofilms can be synergistic in that
the presence of one microorganism generates a niche for other pathogenic
microorganisms which can serve to facilitate the retention of organisms, an oral
phenomenon known as co-aggregation (Rickard, Gilbert et al. 2003; Kuboniwa 2012).
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Dental Caries
Dental caries or tooth decay is among the most prevalent human diseases
worldwide second only to the common cold (Isalm B 2007). However, the non-lifethreatening nature of this disease has minimized its significance in overall human health.
In the U.S, 42% of children of ages between 2 to 11 have had dental caries in their
primary teeth and in the adult population, dental caries and periodontal diseases affect 6090% individuals worldwide (Rouabhia M 2012). People with disabilities and lower
socioeconomic status suffer from the highest prevalence and pathogenicity of dental
caries. The economic burden for the treatment of dental caries can be staggering making
it perhaps the most expensive infection that most individuals have to contend with during
a lifetime. More than 90% of these costs are related to the restoration of teeth or tooth
substance lost to dental decay (Loesche 1986).
Individuals are susceptible to caries throughout their lifetime; the disease
develops in both the crowns and roots of teeth, and it can arise in early childhood as an
aggressive tooth decay that affects the primary teeth of infants and toddlers. Despite
scientific advancements in cariology in the past 150 years, dental caries remains a serious
issue worldwide particularly in children where it is the primary source of tooth loss. Risk
for caries includes physical, biological, environmental, behavioral, and lifestyle-related
factors such as high numbers of cariogenic bacteria, inadequate salivary flow, insufficient
fluoride exposure, poor oral hygiene, inappropriate methods of feeding infants, and
poverty. The approach to primary prevention should be based on common risk factors
whereas secondary prevention and treatment should focus on management of the caries
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process over time for individual patients, with a minimally invasive, tissue-preserving
approach.
Caries is a chronic disease that progresses slowly and is characterized by localized
and irreversible destruction of the tooth (Zero DT 2009; Rouabhia M 2012). Although the
exact mechanism is not fully understood, caries results from the complex interactions
over time among the microbial species adhering to the tooth surface with dietary, salivary
and genetic influences. The metabolic microbial interactions that take place in dental
biofilm result in acid production and extracellular glucan formation which promote
microbial attachment to teeth (Kidd EAM 2004; Isalm B 2007; Rouabhia M 2012).
Dental caries usually starts by affecting the outer layer enamel and cementum of the tooth
and then progresses to the inner dentin and pulp. Enamel is the hardest substance in the
human body and contains the highest percentage of minerals with water and organic
material composing the rest. The primary mineral is hydroxyapatite, a crystalline calcium
phosphate prone to attack by microorganisms in the oral cavity. Ninety percent of carious
lesions occur in the pits and fissures of permanent posterior teeth and molar teeth where
the biofilm tends to stagnate and mature in these areas which are relatively protected
from mechanical wear by tongue, cheeks and tooth brushing (Kidd EAM 2004). The
recognition of acid as the central etiological agent in dental caries initiated a search for
the causative microorganisms in the oral microbiota and in the early 1960s the bacterial
species Streptococcus mutans (S. mutans) became the main focus of caries research,
assumed to be the specific cariogen (Klinke T 2009).
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Streptococcus mutans
Streptococcus mutans are Gram positive bacteria that reside in the human mouth
and more specifically in the multi-species biofilms on the surfaces of teeth (Zero DT
2009). Streptococcus mutans are major cariogenic organisms the result of their ability to
produce large quantities of glucans as well as acid, exceeding the salivary buffering
capacities which gives the bacteria an advantage to outcompete non-cariogenic
commensal species at low pH environments (Falsetta ML 2012; Lemos JA 2013). S.
mutans is regarded as the primary cariogen due to its ability to produces multiple
virulence factors. S. mutans CSP and a signal transduction system control a number of
different virulence characteristics of S. mutans which include biofilm formation,
bacteriocin production, acid tolerance, antimicrobial sensitivity and natural genetic
transformation (Wang B-Y 2011). The initial step in biofilm development and action of
cariogenic bacteria on the host tooth surface is actual adherence to the tooth surface
(Song J 2012).
The ability of S. mutans to survive in acid environment by modulating sugar
metabolic pathways coupled with irreversible binding to teeth is a key component to S.
mutans pathogenesis. In the second stage of invasion, S. mutans co-adhere or coaggregate with other microbial species followed by proliferation and spread into other
sites in the oral mucosa modulated by concerted action of genes and signaling molecules.
In the final stage, the biofilm reaches a steady state which changes the equilibrium
balance of the oral ecology; as a result bacteria gain access into the deeper tissues and
recesses in the gingival areas, ultimately causing dissolution of hydroxyapatite crystals in
enamel and dentin which results in cavitation within the tooth (Isalm B 2007; Raja M
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2010). If not prevented, this cavitation provides an ecological niche where
microorganisms form protected biofilm enabling caries to progress gradually (Rouabhia
M 2012). Interestingly however, although it has been accepted for decades that S. mutans
is the etiologic agent of dental caries, recent evidence indicate high prevalence for S.
mutans in dental biofilms where the fungal pathogen Candida albicans (C. albicans)
resides, suggesting that the interaction between these diverse species may mediate
cariogenic development (Barbieri DS 2007; Jarosz LM 2009).
Candida albicans
Candida albicans is a commensal fungal species commonly colonizing human
mucosal surfaces (Calderone 2012). However, under conditions of immune dysfunction
such as HIV infection, C. albicans can become opportunistic pathogens causing recurrent
mucosal and life-threatening disseminated infections with high mortality rates (Fidel
2006; Perlroth, Choi et al. 2007; Pfaller and Diekema 2007). In addition to HIV infection,
several other factors are considered to be predisposing factors to candidal infection such
as age, antibiotics and steriod usage, dentures, metabolic and endocrine disorders
,chemotherapy, radiotherapy and xerostomia (Takakura, Wakabayashi et al. 2003;
Calderone 2012).
Adherence of organisms to surfaces is a prerequisite to the formation of biofilms,
where attachment of cells is followed by proliferation and biofilm formation. In Candida,
the dimorphic transition from yeast to hyphal phase is a crucial process to the formation
of biofilm. Multiple virulence factors such as attachment to the host cells, hyphae
formation,

phenotypic

plasticity

and production of hydrolytic enzymes are all the
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cause of such virulence. The synthesis of hydrolytic coenzymes by Candida is among the
most important virulence factors. Among these are proteinases and phospholipases which
have the capability of degrading host tissue and therefore play a role in tissue invasion
(Carim da Costa KR 2012). Importantly, C. albicans is a dimorphic species capable of
switching its morphology between yeast and hyphal forms, a property crucial to its
pathogenesis (Calderone 2012).
It is well-established that adhesion is the initial step which results in an infection.
C. albicans is capable of adhering to different cellular types and of interacting with host
extracellular matrix components which may present different areas for the attachment of
microorganisms (Carim da Costa KR 2012). Typically, the yeast cells adhere to a surface
with the aid of receptors and cell wall components. Once colinization is established the
yeast cell germinates forming long filaments known as hyphae which are responsible for
tissue invasion and mucosal infectios.
C. albicans causes an array of infections including vaginitis, nail infections,
gastrointestinal and urinary tract infections and ear infections among others. However,
oral infections are the most common manifestations of candidiasis (Fig. 1):
Erythematous candidiasis (Fig. 1A): is characterized by red erythematous areas
on the palate, cheeks or tongue which can be subtle and therefore easily missed. Patients
usually complain of burning sensation upon eating sour foods or tongue soreness.
Pseudomembranous candidiasis (Fig. 1B): is commonly known as thrush and is
characterized by white patches can be found anywhere in the oral cavity.
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Angular cheilitis (Fig. 1C): is characterized by fissures or cuts at the corners of
the mouth that can occur alone or in conjunction with another form of candidiasis.
Denture stomatitis (Fig. 1D): is prevalent in up to 70% of denture wearers.
Infection tends to be persistent and recurrent as it is a consequence of the ability of C.
albicans to form biofilms on surfaces, where candidal cells adhere to the denture material
and colonizes the denture surface leading to inflammation of the denture-exposed palatal
mucosa (Ramage, Tomsett et al. 2004).
A

B

C

D

Figure 1. The various manifestations of oral candidiasis. (A) Erythematous candidiasis is
characterized by red lesions on tongue or palate (B) Pseudomembranous candidiasis is characterized by
white plaques that can occur on the tongue, palate, buccal mucosa or pharynx (C) Angular cheilits is
characterized by cuts and fissures at side of the mouth. It can occur alone or in conjunction with one of
the other forms of candidiasis (D) Denture stomatitis is an inflammation of the gum due to tissue
infiltration of Candida adhering to and colonizing denture acrylic.
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Polymicrobial interactions and biofilms
The complexity of polymicrobial biofilm communities are most commonly
represented by the oral microbial populations. Colonization of tooth surface and other
tissues occurs in a temporal fashion where the attachment of one species becomes a
scaffold to which other species adhere to. This process of sequential attachment is
referred to as co-aggregation (Fig. 2). In an environment that is highly competitive for
nutrients and space, coaggregative effects allows competing microorganisms to maximize
colonization surface area and intimately position themselves near sources of nutrition. An
example of the complexity of coaggregation may be the intergeneric coaggregations
occurring between C. albicans and other oral species that may play an important role in
C. albicans colonization of the oral cavity. Although streptococcal species exhibit the
highest affinities for C. albicans, C. albicans have been also shown to coaggregate with
Fusobacterium species.

10	
  
	
  

	
  

Figure 2. Polymicrobial biofilm formation. Polymicrobial biofilm formation is thought
to proceed in several distinct phases. (A) Uncolonized biotic surface (e.g. teeth) lacking
any biofilm formation. (B) Deposition of a conditioning layer promotes adherence of
early colonizers which begin coaggregation cascade. (C) Early colonizing bacteria may
directly support the binding of late colonizers which then facilitate attachment of other
microbial species. (D) Specific planktonic intermicrobial interactions can lead to
phenotypic changes which support the attachment of pre-aggregated clusters of cells,
however, non-aggregated cells remain unable to attach.
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In the oral cavity, C. albicans co-exist and form tight associations with various
oral bacterial species (Jabra-Rizk 2011). The co-adhesion between C. albicans and oral
bacteria is crucial for C. albicans colonization and persistence (Jenkinson, Barbour et al.
2008). The range of intergeneric coaggregations occurring between C. albicans and oral
species likely plays an important factor in C. albicans colonization where bacteria
modulate fungal growth and biofilm formation (Jenkinson and Lamont 2005; Jabra-Rizk
2011). The interactions between C. albicans and streptococci specifically, appear to be
essentially synergistic where in addition to providing adhesion sites, the streptococci
excrete lactate that can act as a carbon source for yeast growth which in turn, reduce
oxygen tension to levels preferred by streptococci and provide growth stimulatory factors
for the bacteria (Jenkinson, Lala et al. 1990; Holmes, Cannon et al. 1995; Jenkinson and
Lamont 2005).
The mechanisms organizing coaggregation between C. albicans and oral
streptococci have been characterized as adhesin-receptor interactions. Adhesins located
on the surface of the streptococcal cell have been identified as the cell surface-associated,
antigen I/II family adhesins, SspA and SspB. Moreover, on the candida side the protien
Als3p located on the hyphal wall has been shown to serve as receptor for the
streptococcal adhesin SspB (Diaz PI 2012).
Based on the known in vitro and in vivo interactions described between C.
albicans and oral streptococci, it is likely that these microbial species form an
interkingdom partnership that promotes mucosal colonization or infection. Since hyphal
formation is promoted by streptococci, while it is also a prerequisite for tissue invasion, it
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is possible that contact of C. albicans and streptococci may alter the invasive phenotype
of the former.
More importantly, the most serious ramifications of these fungal-bacterial
interactions with clinical implications comes from findings demonstrating that the
physical interactions between C. albicans and oral streptococci, increased tolerance of the
polymicrobial biofilm to anti-microbial agents and enhanced resilience to physical
disruption (Jenkinson and Lamont 2005). Therefore, understanding the complex
mechanisms by which Candida and oral bacteria co-colonize will assist in the
development of new protocols to block adhesive reactions and eliminate Candida from
biofilm related oral infections.

Potential impact of microbial interactions on caries development
Increasing interest worldwide seems to focus on the role of C. albicans
coaggregation with S. mutans during adherence to dental surfaces (Barbieri DS 2007).
The hypothesis of the association between S. mutans and C. albicans is based on their
mechanisms of virulence and biochemical characteristics as well as host factors that
provide a buccal environment favoring the action of both microorganisms (Barbieri DS
2007; Jarosz LM 2009; Raja M 2010). In fact, several in vitro studies have shown that C.
albicans enhance the adherence of S. mutans indicating a possible facilitation mechanism
during their association where the yeast cells could be used by the bacteria as support for
adherence (Jarosz LM 2009; Raja M 2010). More importantly, the yeast’s potential to
induce dental caries as a consequence of its pronounced ability to produce and
13	
  
	
  

tolerate acids was supported by a recent study by Klinke et al. (Klinke T 2011) providing
experimental evidence in vivo that C. albicans is capable of causing advanced occlusal
caries in rats at a high rate. The findings from these in vitro and animal studies attributing
a role for C. albicans in caries development and/or progression were solidified by data
from a clinical study where the occurrence of caries in children was positively correlated
with the frequency of oral candidal carriage (Raja M 2010). Although still in its infancy,
the research thus far strongly warrants that investigations on the microbiology of caries
should include yeasts (Klinke T 2011).
Importantly, there are currently no specific therapeutic strategies targeting
biofilm-associated microbial infections in the oral cavities and particularly those
involving mixed microbial pathogens. Therefore, one of the aims of this project was to
develop a delivery system for an antimicrobial agent, farnesol, for oral topical application
and to evaluate the efficacy of the novel formulation in the prevention and treatment of C.
albicans-S. mutans biofilms.
Farnesol is a naturally occuring tetraprenoid alcohol shown by us and others to
exert a potent broad-spectrum inhibitory effect against C. albicans and various bacterial
species (Jabra-Rizk, Meiller et al. 2006; Jabra-Rizk, Shirtliff et al. 2006). However, this
agent was not tested against S. mutans or against mixed fungal-bacterial biofilms which
tend to be difficult to treat and eradicate. Further, despite its antimicrobial potency, the
potential or applicability of farnesol as an oral therapeutic agent was not previously
investigated. To that end, using pharmaceutical grade polymers used for the development
of hydrogel formulation we developed a farnesol bioadhesive gel which was assessed in
vitro for efficacy and applicability as a topical anti-biofilm agent.
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Conclusion
The overall purpose of this proposal is to characterize the interaction between the
fungal pathogen C. albicans and the cariogenic bacterial species S. mutans using
biologically relevant in vitro model systems. Specifically, we aim to demonstrate that the
strong co-adherence of these diverse oral pathogens to each other and to oral surfaces
result in the formation of mature biofilms, a pre-requisite for the development of dental
caries. The accomplishment of the work proposed in this project will provide crucial
insights into the potential role of C albicans in the development of dental caries, an area
of research that is yet to be explored. The ultimate goal is to contribute to our
understanding of the various factors and conditions that play a role in microbial
colonization and the progression of colonization to infection. Such crucial information
will have important clinical implications as it aids in the identification and the design of
novel therapeutic strategies aimed at the prevention and/or treatment of dental caries and
oral infections in general.
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II-Research Design

Strains and growth conditions
Streptococcus mutans wild-type strain UA159 and a mutant strain lacking the
spaP gene coding for the major surface protein antigen P1 and a mutant strain lacking
GbpA glucosyltransferase enzyme which catalyzes the synthesis of cell wall glucans,
thought to contribute to adherence were maintained on brain–heart infusion (BHI) (Difco,
Sparks, MD) agar plates. A single colony of S. mutans was suspended in BHI broth and
incubated overnight in an anaerobic jar at 37°C. Cells were washed twice with PBS prior
to adjusting cell density to final concentration of 1x108 cells/ml in PBS. Candida
albicans wild-type strain SC5314, a deletion mutant strain of C. albicans lacking the cell
wall adhesion Als3 and a double mutant strain of C. albicans lacking the MNT1 and
MNT2 genes yielding defective O-linked mannosylations were maintained on yeast
extract, bacto-peptone, and dextrose (YPD) agar plates. A single C. albicans colony was
suspended in YPD broth and grown overnight at 30°C with shaking. Following
incubation, cells were harvested and washed twice with PBS prior to adjusting cell
density to final concentration of 1x07cells/ml in PBS.
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Saliva preparation
Unstimulated whole human saliva was collected from at least 5 healthy volunteers
and pooled. Saliva was clarified by centrifugation (10,000g; 10 min), filter-sterilized
through a 0.22um nitrocellulose membrane and diluted to 25% in sterile water. Aliquots
were stored at -20°C until used for coating coverslips and HA discs for 30min at 37°C.
Biofilm formation for microscopy
Mixed species biofilms of C. albicans and S. mutans were grown on saliva-coated
coverslips in the wells of 6-well microtiter plates in combination. 1ml of 1x07cells/ml C.
albicans cell suspension in PBS was added to the wells with coverslip with 3ml of
RPMI1640 media with glutamine and HEPES (Difco). Plates were incubated at 37°C for
1h then coverslips were removed with a sterile forceps and gently rinsed with PBS to
remove non-adherent cells. Coverslips were placed in new wells and 1ml of S. mutans
1x08cells/ml cell suspension in PBS was added to the wells with coverslip with 3ml of
RPMI and plates were incubated for 3h at 37°C to allow for hyphae formation. Following
incubation, coverslips were gently rinsed with PBS to remove non-adherent cells and
then allowed to air dry. Alternatively, 1ml of 1x08cells/ml S. mutans cell suspension in
PBS was added to the well with coverslip with 3ml of RPMI and plates were incubated
for 3h at 37°C. Coverslips were gently rinsed with PBS then air dried. Coverslips were
Gram stained using crystal violet for 1min then rinsed and air dried. Biofilms were
examined by a light microscope using oil immersion and images were captured using
camera attached to microscope (100x magnification).
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Alternatively, experiments were also performed where S. mutans cell suspension was
initially added to the well with coverslip with 3ml of RPMI and plates were incubated for
1h at 37°C. Following incubation, C. albicans cell suspension was added to the wells
with RPMI1640 media and plates were incubated for 3h to allow for hyphae formation.
Coverslips were gently rinsed with PBS then air dried and stained with Gram stain and
examined by a light microscopy and images captured.
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Identification of surface adherence receptors
In order to identify C. albicans and S. mutans cell wall receptors responsible for
the observed co-adherence of these species, mutant strains of both species lacking
specific surface adhesins were tested in the adherence assay and observed
microscopically. Namely, the S. mutans spaP and GbpA mutants and the C. albicans als3
mutant and the double mutant strain mnt1/mnt2. Results from these experiments did not
demonstrate any significant changes in level of adherence between the mutant strains
tested compared to their respective wild-type strains.
Biofilm formation on hydroxyapatite (HA) discs using the AAA biofilm model (Fig.
3).
The AAA biofilm model consists of a custom-made stainless steel lid with 24
clamps that can contain different substrata. Hydroxyapatite discs (HA) (12mm) were used
as substrata to grow into standard 24 well plates. Lid was placed in a plate with filter
sterilized saliva and incubated for 30min at 37°C prior to using biofilm development.
Discs were then rinsed by dipping into the wells of 24-well plate with PBS then place in a
new plate with 1.5ml RPMI media with C. albicans at final cell density of 1x107 cells/ml.
Plates were incubated for 3h at 37°C then lid was transferred to a new plate containing
fresh PB with 1x108 cells/ml S. mutans and incubated for another 6h at 37°C. Following
incubation, the lid with discs was dipped into wells with PBS and discs with biofilm were
removed from the lid and transferred into tubes with 1ml PBS. Biofilm was dispersed
using a sonicator and a series of dilutions were made in PBS. For S.mutans, diluted
suspensions were plated on BHI agar and for C. albicans on YPD agar. Plates were
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incubated for 24h at 37°C with S.mutans plates incubated anaerobically in an anaerobic
jar. Following incubation, colonies growing on plates were counted and CFUs calculated
as cells/ml.

Figure 3. Biofilm model used in this study. (a) Custom-made stainless steel lid on
which 24 clamps are fixed. Substrata glass coverslips (left) of HA discs (right) are
shown. (b) Position of the substrata into the 24-well plate at the time of biofilm growth.

Scanning electron microscope
A scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with a focused beam of electrons. The electrons
interact with atoms in the sample, producing various signals that can be detected and that
contain information about the sample's surface topography and composition. The SEM is
a microscope that uses electrons instead of light to form an image. Because the SEM uses
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electromagnets rather than lenses, the researcher has much more control in the degree of
magnification (Fig. 4).

Figure 4. Scanning electron microscope at the University of Maryland Core Imagining
Facility.
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Figure 5. Diagram courtesy of Iowa State University

A beam of electrons is produced at the top of the microscope by an electron gun.
The electron beam follows a vertical path through the microscope, which is held
within a vacuum. The beam travels through electromagnetic fields and lenses,
which focus the beam down toward the sample. Once the beam hits the sample,
electrons

and

X-rays

are

ejected

(www.purdue.edu/rem/rs/sem.htm).
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Scanning electron microscopy (SEM) of mixed-species biofilms grown on
hydroxyapatite (HA) discs and extracted human teeth
For SEM imaging, biofilms of C. albicans and S. mutans were grown on salivacoated HA discs and sterilized crown portion of an extracted human tooth. Discs and
teeth were placed in the wells of a 24-well microtiter plate with 1ml of C. albicans cell
and 2ml of RPMI was added and incubated for 1h. Discs and teeth were gently rinsed
with PBs and placed in new wells with 1ml of S. mutans cell suspension in RPMI. Plates
were incubated fir 24h at 37°C. Following incubation HA discs and teeth were rinsed
twice with PBS then fixed in 2% paraformaldehyde, 2.5% glutaraldehyde in phosphate
buffer, pH 7.4, for 1h at room temperature. After initial fixation, specimens were washed
in three changes of 0.1M PBS for a total of 30min, post fixed with 1% osmium tetroxide
in PBS for 1h and washed again in three changes of buffer. Dehydration of specimens
was done using a series of graded ethyl alcohol, 30%, 50%, 70%, 90%, 100% for 10min
each and two more changes of 100% ethyl alcohol. Lastly, specimens were chemically
dried

by

immersing

sequentially

in

2

parts

100%

ethyl

alcohol/1

part

hexamethyldisilazane (HMDS) (Electron Microscopy Sciences, Fort Washington, PA) for
10min, 1 part 100% ethyl alcohol/1 parts HDMS for 10min, 1 part 100% ethyl alcohol/2
parts HDMS for 10min then 2 changes for 10min each with 100% HDMS. Specimens
were air dried in a hood overnight, mounted on SEM pin mounts and sputter coated with
10 to 20nm of platinum/Palladium in a sputter coater (EMS 150T ES). SEM images were
taken in a scanning electron microscope Quanta 200 (FEI Co. Hillsboro, OR).
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Development of a novel antimicrobial topical formulation against microbial biofilm
development
In order to explore novel therapeutic approaches targeting mixed species-biofilms,
a novel bioadhesive topical hydrogel formulation was developed incorporating farnesol, a
compound with potent antibacterial and antifungal properties. A delivery system for
farnesol was designed to meet the performance criteria needed to prevent biofilm
formation. The principal criteria include: (a) delivery of an inhibitory concentration of
farnesol for a sufficient period of time and (b) farnesol must be stable in the formulation.
The delivery system utilized water-soluble gelling and bioadhesive methylcellulose
polymers commonly used by pharmaceutical industry for controlled release of drugs.
Several concentrations of polymer were tested to determine most suitable for topical
application. Farnesol was incorporated at various concentrations to determine MIC and
gels were tested for (A) killing (B) ability to prevent/eradicate colonization of
hydroxyapatite discs and (C) diffusion. Gel with no farnesol (G-) was used as negative
control.
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In Vitro evaluation of farnesol gel formulation in killing assays
C. albicans cell suspension (1x105 cell/ml ) were added to gels (equivalent to
50µl PBS; amount standardized using a syringe to dispense same amount of gels) in
eppendorff tubes and reactions were incubated for 2h at 35°C, diluted with PBS and
plated on YPD agar plates. Similarly, assays were performed as described using S.
mutans at final densities of 1x107 cell/ml and samples were plated on BHI agar plates.
Plates were incubated at 37°C for 24-48h.
Evaluation of Formulation for the Prevention and eradication of mono and mixedspecies biofilms on hydroxyapatite discs
Gel was assessed for adherence inhibition and eradication. For inhibition, the
whole surface of the discs was coated with gel then placed in wells and of C. albicans
cell suspension (1x104 cell/ml) was added. Following 1h incubation, discs were rinsed in
PBS then placed in a fresh plate and S. mutans cell suspension was added and plates were
incubated for 3h in PBS. For eradication uncoated discs were incubated with cell
suspension of both species then rinsed with PBS then gel was applied covering the whole
surface of the discs and discs were allowed to incubate for 2h with the gel. Discs were
then rinsed, sonicated and suspensions diluted in PBS and plated on YPD and BHI agar
plates and incubated at 37°C for 24-48h.
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Gel Diffusion
In order to demonstrate whether farnesol diffuses out of the gel, 50µl of the gel
was layered with PBS (200µl) in eppendorff tubes and allowed to sit at room temperature
for 1h. Supernatant was gently removed without disrupting the gel layer. The recovered
5

supernatant was then used in killing assay against C. albicans (1x10 cells/ml) to
determine whether farnesol diffuses out of gel and maintains killing activity.
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III-Statistical Analysis
All experiments were performed on at least three separate occasions. Student’s ttest was used to assess the statistical significance of results along with SE. A statistically
significant difference was considered to be present at P < 0.05.
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IV -Results
Analysis of mixed species biofilm using light microscopy.
Mixed species biofilms of C. albicans and S. mutans formed on coverslips were
evaluated microscopically following staining. Images revealed extensive adherence of S.
mutans to both the hyphae and yeast forms of C. albicans demonstrating the high affinity
of the bacteria to C. albicans.

Figure 6. Light microscopy evaluation of mixed-species biofilms
demonstrating adherence of S. mutans to the C. albicans yeast cells.
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Biofilm formation on hydroxyapatite (HA) discs using the AAA biofilm model.
Comparison of mono and mixed species were evaluated for both CA and SM
when grown individually or with each other. Results from quantitative assessment of
numbers of each of the species grown on HA discs demonstrated significant difference in
level of adherence where much higher number of CA cells were recovered in the
presence of SM compared to CA alone (Fig. 7). Similarly, more SM adhered to the discs
when CA was present (Fig. 7).

Figure 7. Comparison of growth and adherence of each species (CA and SM) when
grown alone or in combination (CA+SM) in biofilm on HA discs. Colony counts
(cells/ml) demonstrated significant increase in the level of adherence and recovery of CA
when grown with SM (CA+SM) and SM when grow with CA (SM+CA) compared when
grow individually (CA) (SM).
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However, no significant difference in level of S. mutans was seen when C. albicans was
added to adherent S. mutans or vice versa. However, significant increase in C. albicans
numbers was noted when C. albicans was added to adherent S. mutans compared to when
S. mutans was added to adherent C. albcians (Fig. 8).

Figure 8. CFU counts of both species grown in mono and mixed species biofilm
demonstrating significant increase in adherence when CA and SM are grown together
compared to grown individually. Similar levels of SM were seen when SM was added
first (SM+CA) or second (CA+SM) whereas higher levels was seen for CA when SM
was grown first (SM+CA) compared to CA first (CA+SM).
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Scanning Electron Microscopy

Figure 9. SEM images of mixed species biofilm grown on tooth surface
demonstrating the extensive biofilm formed consisting of C. albicans hyphae and
S. mutans.
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Figure 10. Scanning electron micrographs of mature mixed biofilms formed on discs of
hydroxyapatite (a major component and essential ingredient of normal teeth), demonstrating the affinity
of S. mutans to the hyphal elements of C. albicans. Bacterial cells are seen attached in chains as they
adhere to and wrap around the hyphae. Perforations can be seen in the hydroxyapatite surface (white
arrows) possibly the result of de-calcification of the material due to the high acidic environment.
Bars10µm.
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Figure 11. Scanning electron micrographs of mature mixed biofilms of C. albicans and S.
mutans. Mixed biofilms grown on extracted human teeth demonstrating the tight coadherence between C. albicans hyphae (red arrows) and S. mutans cells (blue arrows).
Microbial cells can be seen embedded in a matrix of extracellular polymeric substance with
water channels (white arrows) through which liquid flows distributing nutrients and signaling
molecules that facilitate communication between the cells. Bars10µm.
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Figure 12. SEM images of mixed biofilm grown on extracted human tooth demonstrating
the tight affinity of S. mutans to the C. albicans hyphae.
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Figure 13. Low magnification SEM images of biofilms demonstrating a thick matrix of
hyphae and bacteria adhering to tooth surface
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Figure 14. Bacterial cells can be seen tightly attached to hyphae.
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Figure 15. High magnification images showing S. mutans adhering to hyphae as
well as yeast cells
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Figure 16. S. mutans cells attached in chains can be seen wrapped around the
hyphae
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Figure 17. A false-colored image of C. albicans (green) and S. mutans
(purple) adhering to the surface of HA discs.
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Development and In Vitro Evaluation of Novel Antimicrobial Hydrogel
Formulation

Susceptibility of C. albicans to farnesol formulation using killing assays.
The newly developed farnesol hydrogel formulation was tested for killing efficacy
in killing assays. Based on CFU counts of both species exposed to the farnesol gel (FG)
compared to gel with no farnesol incorporated (G), a significant inhibitory effect for the
gel was seen.

Figure 18.

When added to gel with farnesol (FG) significantly less C. albicans

(CA+FG) was recovered compared to when C. albicans was added to vehicle gel
(CA+G).
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Susceptibility of S. mutans to farnesol formulation using killing assays
Similarly, killing assays to evaluate the killing efficacy of the farnesol gel against
S. mutans (S+F) demonstrated almost complete killing of S. mutans compared to control

CFUs/ml (1*107)

gel (S+G).

Figure 19. When added to gel with farnesol (FG) significantly less S. mutans (SM+FG)
was recovered compared to when S. mutans was added to vehicle gel (CA+G).
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Evaluation of the farnesol gel formulation for the prevention and eradication of
mono and mixed-species biofilms on hydroxyapatite discs.
The inhibitory effect of farnesol gel against mono and mixed-species biofilm
formed on HA discs was also tested. These experiments were designed to test the efficacy
of farnesol gel in preventing the development of a biofilm and eradicating preformed
biofilms
Prevention: discs were coated with the farnesol gel prior to addition of microbial
species.
Based on number of cells of both species adhering to the HA discs, results from
these experiments demonstrated a potent ability for the farnesol gel in preventing the
development of mixed species biofilm when compared to biofilms formed on discs
coated with the vehicle control gel.
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C. albicans Recovery

CFUs/ml (1*105)

	
  

Figure 20. Minimal level of C. albicans was recovered from surface of discs coated with
farnesol gel prior to incubation with C. albicans and S. mutans compared to C. albicans
recovered from discs coated with vehicle control gel.
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S. mutan Recovery

CFUs/ml (1*107)
Figure 21. Minimal level of S. mutans was recovered from surface of discs coated with farnesol
gel prior to incubation with C. albicans and S. mutans compared to S. mutans recovered from
discs coated with vehicle control gel.
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Eradication: The potency of the farnesol gel in killing C. albicans and S. mutans in
preformed biofilms was evaluated. Discs were incubated with cell suspensions and cells
were allowed to adhere and form biofilms on the surface of discs prior to applying gel.
Based on number of cells of both species adhering to the HA discs, results from these
experiments demonstrated a potent ability for the farnesol gel in eradicating pre-existing
biofilms when compared to biofilms treated with the vehicle control gel.

C. albicans Recovery

CFUs/ml	
  1*105)	
  

Figure 22. Minimal level of C. albicans was recovered from surface of discs with
preformed mixed species biofilm treated with farnesol gel C. albicans recovered from
discs treated with vehicle control gel.
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Conclusion
The combined finding from the assessment of the novel hydrogel formulation of farnesol
clearly demonstrate the applicability of the formulation as a therapeutic topical agent for
the prevention and treatment of biofilm-associated microbial infections such as dental
caries and denture stomatitis. Importantly, the formulation also proved to be effective
against mixed species biofilms which typically tend to be difficult to eradicate and treat
particularly fungal-bacterial biofilms.
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V- Discussion
The analysis of the diversity and distributions of microorganisms in oral biofilm
communities through microbiome studies, has allowed insight into the differences
between the normal state of the oral microbiota and the alterations that are present during
disease states (Dewhirst, Chen et al. ; Jenkinson and Lamont 2005). Molecular methods
aiming to determine the bacterial diversity in the human oral cavity have demonstrated
that in the supragingival plaque, S. mutans was the dominant species with elevated levels
of other streptococci including S. sanguinis, S. mitis and S. salivarius in addition to
lactobacilli and Veillonella.
The bacteria in the biofilm are always metabolically active which causes
fluctuations in pH and loss of minerals from the tooth ultimately resulting in dissolution
of the dental hard tissues and formation of lesions known as dental caries (Kidd EAM
2004; Lemos JA 2013). Interestingly, metabolic communications among oral bacteria
may occur where the excretion of a metabolite by one organism is used as a nutrient by
other organisms and breakdown of a substrate by enzymatic activity of one organism
creates available substrates for different organisms (Kleinberg 1999 ; Hojo 2009).
Microbial community interactions in health and caries pathogenesis are not well
understood. It has been proposed that the translocation of oral bacteria to remote sites can
lead to systemic diseases such as coronary artery disease (Kuboniwa 2012). Therefore,
unraveling the basis of dental plaque development will ultimately contribute to both oral
and overall health. To that end, using molecular techniques, current studies are focusing
on identifying associations between oral bacteria and various oral and systemic
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diseases. Although in vitro studies can contribute to our understanding of the complex
microbial associations and the dynamics of their interaction in the oral environment, the
immunocompetence of the host and factors such as diet and oral hygiene play an
important regulatory function.
It is well established that the process of development and the course of microbial
infections are regarded as an encounter between different microorganism and the way
they interact with one another. This is particularly evident in the oral cavity, a unique
environment constantly bombarded with microbial challenges. Candida albicans is
perhaps the most successful fungal oral opportunistic pathogen and S. mutans is
considered to be the main etiologic agent of dental caries. Both species are known to
coexist in the oral cavity. Importantly, in collaboration with the pediatric dental
department at the University of Maryland School of Dentistry, we have demonstrated the
co-isolation of C. albicans and S. mutans from pediatric patients with rampant caries.
Although further in depth clinical and epidemiological studies are warranted to explore
the clinical implications of their co-existence, these preliminary findings clearly support
the hypothesis that the interactions between these species in the oral cavity could impact
the development and progression of dental caries particularly in the pediatric population.
To that end, in this project experiments were designed and performed to characterize this
inter-species interaction with the goal of identifying cell wall adherence receptors as well
as novel therapeutic strategies.
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The AAA biofilm model was designed to study the development of microbial
biofilms and therefore it was adopted to study mixed species biofilms in our studies using
hydroxyapatite discs. In addition to the discs, natural tooth slobs were also used as
substrata to microscopically visualize the architecture of the mixed species biofilm
developed. Extensive microbiological analyses were performed to assess the level and
maturity of biofilms formed when these species co-exist adherent to a surface. Further,
microscopic analyses were also performed using light and scanning electron microscopy.
Microscopic images of mixed species biofilms clearly demonstrated the strong and close
co-adherence between these two diverse species where S. mutans can be seen extensively
adhering to both the yeast and hyphal forms of C. albicans. However, the most
significant findings with potential clinical implications come from the experiments
examining the ability of C. albicans and S. mutans to co-adhere to tooth surface.
Scanning electron images from sectioned tooth slob tissue paralleled those of HA discs
where an extensive network of C. albicans hyphae was seen covering the tooth surface
with S. mutans interspersed throughout the hyphal matrix. Importantly, bacterial cells
were seen densely attached on the hyphae and barely present on the tooth surface
therefore indirectly present on the tooth through attachment to C. albicans hyphae.
These findings carry significant clinical implications in terms of therapeutic
measures, and therefore warranted further investigations to elucidate the mechanism
behind this association. Importantly, the identification of a specific adherence receptor
would aid in the design of novel strategies for impeding co-adherence and subsequent
infection. To that end, our efforts focused on investigating the role of the C. albicans
hyphal adhesion Als3 as this protein has been implicated in adhesion of various
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bacterial species to C. albicans hyphae including S. gordonii (Peters 2012). However,
adherence assays using a deletion mutant strain of C. albicans lacking this surface protein
did not exhibit decrease adherence to S. mutans indicating that this specific receptor is
not involved in the adherence process. In addition, we tested another mutant strain of C.
albicans lacking the MNT1 and MNT2 genes yielding defective O-linked mannosylations
(kindly provided by Neil Gow, University of Aberdeen, UK). However, adherence assays
with this strain of C. albicans with S. mutans did not demonstrate any decrease in
adherence.
Similarly, experiments were also performed using several mutant strains of S.
mutans lacking various cell surface proteins known to be important to adherence. Most
notable is a mutant strain lacking the spaP gene coding for the major surface protein
antigen P1 (Paula 1999). However the findings from these experiments failed to identify
any of these receptors to be responsible for the adherence of S. mutans to C. albicans.
Combined these findings demonstrated that no specific surface receptor on either of these
species is directly responsible for the adherence and the adherence process is rather
random and non-specific. These speculations are conceivable given that the hyphae of C.
albicans are hydrophobic and adept at adhering to surfaces including host tissue.
As teeth loss in both children and adults has become a financial burden
worldwide, understanding the homeostatic synchrony between the resident microflora
thereby preventing biofilm-induced caries and improving the quality of life has become
crucial. Although regular removal of biofilm on the tooth and the incorporation of
fluoride in toothpaste has been the mainstay of dental caries prevention, these practices
offer incomplete protection and may not effectively address the infectious character of
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the disease (Kidd EAM 2004; Falsetta ML 2012). Unfortunately, design of effective
therapies to treat caries has been a major challenge, particularly in terms of oral drug
delivery systems that can penetrate the biofilm networks of the target location (Isalm B
2007; Falsetta ML 2012). Recent search for more effective antimicrobials has explored
the potential use of nanotechnology to improve the physical and chemical properties of
drugs where nanosystem formulations incorporating different agents can improve
stability and antimicrobial activity (Pupe CG 2011). Other studies investigated the use of
active inhibitors of enzymes that make up the exopolysaccharide matrix, thereby
affecting the cariogenic biofilm assembly. However, although promising, these
compounds are yet to be justified in in vivo studies to further evaluate their applicability
paving the direction toward clinical applications.
Although different products have been shown to exhibit a significant antimicrobial effect, farnesol was never investigated as an antimicrobial agent against oral
biofilm-associated diseases such as dental caries and particularly against single and dual
species biofilms. To that end, experiments were designed to evaluate the antimicrobial
effect of farnesol on both C. albicans and S. mutans individually and in combination as
they form a mature biofilm. Based on viable C. albicans and S.mutans colony counts
recovered from the HA discs infected with both species before and after farnesol
treatment, a dramatic decrease in viable numbers of both species upon farnesol treatment
was seen indicating significant inhibitory effect for farnesol. Further, the level of killing
exerted by farnesol was proportional to its concentration and time of exposure. Based on
the observed significant reduction in microbial adherence in the presence of the farnesol
gel,

these

findings

carry

significant clinical implications in terms of novel
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therapeutic strategies.
Our preliminary evaluations of the novel gel formulation have clearly
demonstrated its potent anti-candidal and anti-bacterial activity in killing assays and in
preventing and eradicating adherence to HA discs under all conditions tested.
Importantly, repeated testing over prolonged period of time demonstrated the stability of
the gel in maintaining its activity over time upon storage. In addition, farnesol was
shown to diffuse out of gel into the milieu rapidly retaining its activity. and we have
shown that farnesol diffuses out of the gel within a short period and retains anti-microbial
activity once released. In addition, low doses of farnesol were shown to exert significant
and rapid inhibitory effect against C. albicans and S. mutans at high cell densities. These
combined findings confirm the potential applicability of farnesol as a topical agent that
can be applied directly to surfaces for prevention of colonization in turn impeding biofilm
development and the feasibility of developing farnesol as a commercially viable gel
formulation.
Significantly, our previous studies had demonstrated a synergistic effect for
farnesol with the antifungal agent fluconazole and various antibiotics against resistant
strains of C. albicans and the bacterial pathogen Staphylococcus aureus, respectively.
The observed significant suppressive effect of farnesol on biofilm formation and its
synergistic effect with antimicrobial agents leading to the sensitization of resistant strains,
indicate a potential application for farnesol as an adjuvant therapeutic agent for the
treatment or prevention of biofilm-related infections and for promoting antimicrobial
resistance reversal
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To better understand the impact of the interaction between C. albicans and S.
mutans on caries development in a host, it is crucial to determine mechanistically precise
details of adhesion and signaling under conditions of co-existence and to identify the
molecular processes involved in the development of cariogenic biofilms in the host. By
manipulation of adhesion interactions it may be possible to develop new protocols to
block adhesive reactions impeding development of biofilm-related oral disease such as
dental caries (Klinke T 2011; Bowen 2013; Lemos JA 2013).

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
53	
  
	
  

VI- Conclusion and future perspectives

Although it is important to continue studies of the pathogenic properties of
specific microbes, understanding the microbial communities and their interactions that
drive sickness or health is key to combating polymicrobial diseases (Jenkinson and
Lamont 2005)]. The findings generated from this project indicates that the presence of C.
albicans in the oral environment can now be considered as an additional factor that needs
to be taken into account in evaluating risks to caries (Barbieri DS 2007). A deeper
understanding of the interactions between C. albicans and S. mutans will provide a new
perspective on the factors relevant to polymicrobial diseases such as dental caries and
periodontal diseases. Importantly, future studies should focus on clinical studies and on
designing animal model systems to study in vivo-grown oral infections, with the goal of
developing novel therapeutic strategies to prevent dental caries through targeted actions.
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