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Abstract
Maxillofacial prosthetics includes restoration of maxillary defects resulting from resection of
palate and naso-sinus neoplasms with obturator prostheses, which may be colonised by
microorganisms and function as a reservoir of infection. These patients commonly also
require radiotherapy that can result in changes in oral flora and in saliva quality and quantity.
The altered microflora, in individuals immunocompromised from cancer therapy, increases
patient risk of prosthesis-related infections.
The aim of this study was to investigate microbial adhesion to, and colonisation of, maxillary
obturator materials. The influence of saliva on adhesion of bacteria and yeasts to obturator
materials was also investigated.
This study involved clinical and laboratory components. Clinically, microbial colonisation of
obturator prostheses and adjacent tissues was investigated in patients referred for restoration
of maxillary defects. This was undertaken at various stages of prosthodontic treatment by
taking obturator and tissue swabs, saliva samples and reviewing tissue health. In the
laboratory, RAPD PCR was used to identify bacteria and CHROMagar Candida was used to
detect yeast species. DNA-DNA checkerboard analysis was also used for microbial detection.
Microbial adhesion to obturator materials, and the influence of saliva on adhesion was
investigated using static and flow adhesion assays. The analysis of salivary proteins affecting
C. albicans adhesion to obturator materials was investigated using Western blot and blot
overlay techniques. Identification of possible protein receptors for C. albicans adhesion to
obturator materials was carried out by mass spectrometry analysis of the PAGE-separated
protein bands.
Clinically, obturator prostheses and adjacent tissues in all patients investigated were colonised
by Candida, with C. albicans identified in 14 out of 15 patients, at all stages of treatment.
Microbial colonisation increased with the age of the prosthesis; the number of
microorganisms colonising obturators only reduced following a reline or delivery of a new
prosthesis. C. albicans colonisation increased significantly during radiotherapy. All patients
with C. albicans colonisation greater than 1x105 colony forming units (cfu) per swab after
one-week of radiotherapy subsequently required antifungal therapy and/or hospitalisation to
manage oral complications during radiotherapy whereas those with C. albicans colonisation
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less than 1x104 cfu per swab after one-week didn’t require antifungal treatment. This suggests
early obturator colonising levels may be a predictor for patient susceptibility to increased
morbidity from head and neck radiotherapy. In the laboratory, Staphylococcus epidermidis
and C. albicans were identified from swabs of obturators and tissues. S. epidermidis and C.
albicans attached to all obturator materials and tended to attach more readily to surfaces with
a greater surface roughness and surface energy. Saliva reduced adhesion of S. epidermidis to
obturator materials compared with uncoated materials, in contrast, saliva promoted adhesion
of C. albicans. Saliva from irradiated patients promoted more adhesion of both S. epidermidis
and C. albicans than saliva from controls. Salivary proteins were selectively adsorbed to
obturator materials and C. albicans bound to salivary proteins eluted from the same materials.
The protein SPLUNC2 was shown, for the first time, to be associated with Candida adhesion
to acrylic and may provide receptors for C. albicans adhesion to obturator materials.
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1 Literature Review

1.1 General Introduction
Biofilms can kill. Healthcare-associated infections (i.e., nosocomial infections) account for
millions of infections and hundreds of thousands of associated deaths each year and it has
been estimated that at least 65% of all human infections are related to microbial biofilms
(Thein et al., 2009). Prosthetic devices such as catheters, artificial heart valves, orthopedic
implants, ocular prostheses, contact lenses, silicone voice prostheses, dentures and maxillary
obturators can be colonised by microorganisms that form an adherent biofilm on the surface
of the device (Bryers, 2008). Adhering cells in a biofilm are organized into structured
communities enclosed within a matrix of extracellular material (Hall-Stoodley and Stoodley,
2009; Kolenbrander et al., 2010). They are phenotypically different from planktonic or
suspended cells and they resist host defenses and display a significantly decreased
susceptibility to antimicrobial agents (Fux et al., 2005). Regardless of the sophistication of an
implant or device, all are susceptible to microbial colonisation and infection (Bryers, 2008).
In dentistry, there have been numerous studies on the adhesion of the yeast Candida albicans
to denture acrylic resin (Chandra et al., 2001; Waltimo et al., 2001; Makihira et al., 2002;
Serrano-Granger et al., 2005; He et al., 2006; Moura et al., 2006; Avon et al., 2007;
Nevzatoglu et al., 2007; Pereira-Cenci et al., 2007; Pereira-Cenci et al., 2008; Busscher et al.,
2010; de Oliveira et al., 2010). Denture soft-lining materials, and other silicone materials used
in maxillofacial and voice prostheses are also susceptible to colonisation by C. albicans and
other microorganisms, reducing the lifetime of these prostheses (Nikawa et al., 2001a;
Nikawa et al., 2001b; Holmes et al., 2006; Nevzatoglu et al., 2007). The colonised prosthesis
may function as a reservoir of infection and surface irregularities increase the likelihood of
microorganisms including C. albicans remaining on the surface after the prosthesis has been
cleaned (Bollen et al., 1997; Teughels et al., 2006). As a consequence, it has been considered
that denture stomatitis, the most common iatrogenic disorder associated with denture wearing,
occurs because of candidal infection and mucosal coverage from a close fitting denture base
(Budtz-Jorgensen, 1974; Arendorf and Walker, 1987; Pereira-Cenci et al., 2008); fungal
growth can also be detected on silicone dental base materials such as Molloplast B, as well as
other soft lining materials (Makila and Hopsu-Havu, 1977; Nevzatoglu et al., 2007). Denture
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stomatitis is frequently mild, but infection can spread resulting in colonisation of the glottis,
pharyngeal or gut tissues (Seneviratne et al., 2008a; Thein et al., 2009).
Because of the oronasal communication that develops following tumour resection surgery, an
obturator prosthesis is exposed to a microflora that is different to that of the conventional
partial and complete denture wearer. Prior to surgery, streptococci are the most common
bacteria found in the oral cavity (Marsh and Martin, 2009). Following a maxillary resection,
materials used to obturate the defect are also exposed to microorganisms of the nose and
sinus. These include Staphylococcus spp., as well as corynebacteria, Haemophilus spp. and
neisseriae (McCracken and Land, 1997; Weston, 2008). This altered microflora, in
individuals who are immunocompromised from cancer therapy, and an environment that
facilitates potentially virulent biofilm formation because of altered commensal flora, diet and
saliva production, means that these patients may be at high risk for prosthesis-related
infections (Wargo and Hogan, 2006; Pereira-Cenci et al., 2008). Such prosthesis-related
infections can contribute to systemic bacterial and candidal infections, which, in patients who
are immunocompromised as a result of management of a maxillary tumour, can occasionally
result in the need for hospital admission to control local and systemic infections (Wargo and
Hogan, 2006; Varricchio et al., 2010). There is evidence to suggest that oral care deteriorates
in hospital and this could have further implication for the overall health and well being of
hospitalised individuals (Terezakis et al., 2011). Most acquired palatal defects are precipitated
by resection of neoplasms of the palate and paranasal sinuses (Beale and Garrett, 1983; Futran
and Mendez, 2006). These patients may also require radiotherapy, further increasing their risk
of opportunistic infections (Vissink et al., 2003b; Sonis, 2007). Salivary gland atrophy and
fibrous replacement results in much less saliva production, that results in a change in oral
flora (Brown et al., 1975; Dirix et al., 2006), and movement of an obturator prostheses may
traumatise the oral mucosa increasing the risk of infection of the fragile and compromised
irradiated mucosa (Beumer et al., 1982).
In this literature review, I will discuss oral tumours and their management and the factors
contributing to microbial adhesion to maxillary obturators. The literature review will broadly
be presented as follows: (1) causes of oral cancer, (2) aetiology of acquired palatal defects, (3)
surgical management of these tumours, (4) radiotherapy of the oral cavity and side effects, (5)
saliva and salivary proteins, (6) biofilms and microbial adhesion, (7) oral microflora,
particularly Staphylococcus epidermidis and Candida albicans, (8) materials used to obturate

!

2

maxillary resection defects, and (9) characteristics of materials that influence microbial
adhesion.

1.2 Maxillofacial prosthetics – introduction
Maxillofacial prosthetics includes restoration of maxillary defects that may develop
congenitally (cleft palate), be acquired following surgery (including for maxillary tumours),
or as a result of trauma such as a gunshot wound or road traffic accident. Because of
improvements in the surgical management of maxillary defects, prosthodontists are most
commonly involved in the rehabilitation of patients with acquired maxillary defects, which
can be a rewarding area of prosthodontics. The maxillofacial prosthodontist contributes to
many facets of patient care, and in most circumstances, the prosthetic prognosis is quite
favorable. Most patients with acquired maxillary surgical defects can be restored to close to
normal function and appearance with an obturator prosthesis (Desjardins, 1977). Following
surgery, maxillary defects predispose the patient to hypernasal speech, leakage of food and
liquids into the nasal cavity, and impaired mastication. The oral disabilities are minimized or
eliminated almost completely with prosthetic obturation, lessening the sequellae of tumour
surgery (Sullivan et al., 2002). The maxillary obturator prosthesis also reduces cosmetic
deformity by supplying missing teeth and properly supporting the upper lip and cheek. The
immediacy and effectiveness of the obturator prosthesis enables the patient to mobilize their
resources to cope with the disease itself, and most patients lead relatively normal lives.
Prosthetic rehabilitation of maxillary surgical defects is so effective that reconstructive
surgery is not indicated in most instances. Because of the aetiology of maxillary tumours,
patients with maxillary surgical defects are generally younger and have dentitions in better
condition than those patients with mandible deformities. In addition, epidemiological studies
have found that patients with maxillary defects demonstrate higher socioeconomic levels with
less tobacco and alcohol abuse compared to patients with mandibular defects (Curtis, 1967;
Conway et al., 2008).

1.3 Causes of oral cancer
Oral cancer, defined as cancers of the lip, tongue and mouth, is a serious and growing
problem. Oral and oropharyngeal cancer grouped together is the sixth most common cancer in
the world. The areas characterised by high incidence are in South Asia, Pacific regions, Latin
America and in parts of central and Eastern Europe (Moore et al., 2000; Warnakulasuriya,
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2009b). Oral cancer, to a large extent, is a self-induced disease (Warnakulasuriya, 2009a).
The major risk factors are well known, but, there are also some emerging risk factors for oral
cancer and some controversies related to the aetiology of this disease (Petersen, 2009).

1.3.1 Major risk factors – tobacco, alcohol and betel quid
Major risk factors for oral cancer are smoking and alcohol misuse (Petersen, 2009; Petti,
2009). While all forms of smoking (cigarette or cigar) have equal risks, there is no clear
evidence that a specific alcoholic drink (wine, beer, spirits) will have a greater or lesser effect
on the risk of developing oral cancer (Petti, 2009). There is evidence that the increasing
incidence of oral cancer, especially affecting younger people, is associated with increased
intake of alcohol (Reichart, 2001; Warnakulasuriya, 2010). The synergistic effect on the
carcinogenic potency of tobacco in oral cancer by alcohol consumption is well documented.
Cessation of these habits leads to reduced risk, though it may take up to ten years to reach the
low risk status of never users. Smokeless tobacco use also significantly increases the risk of
oral cancer (Warnakulasuriya, 2009a). Betel quid (areca nut) is carcinogenic and is an
important risk factor among people with this habit in Asian communities (Warnakulasuriya,
2009c).

1.3.2 Emerging and controversial risk factors
These risk factors include human papillomavirus (HPV) infection, immunosuppression, diet
and nutrition, and socioeconomic status. An association between low socioeconomic status
and increased risk of exposure to the high risk factors, smoking and alcohol has been shown
(Warnakulasuriya, 2009a), while the other emerging risk factors appear to be associated with
oropharynx (HPV), lip and tongue (immunosuppression), and non-specific oral cancer (diet
and nutrition and mate drinking) (Warnakulasuriya, 2009b).
For a number of risk factors, there is inconclusive evidence of their risk of causing cancer.
These risk factors include ethnicity (and race), poor oral hygiene and dentition (faulty
restorations, sharp teeth and poorly fitting dentures), indoor pollution, marijuana smoking,
nicotine replacement therapy, HIV infection, alcohol in mouthwashes, and heredity and
familial risk (Petersen, 2009; Warnakulasuriya, 2009b).
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1.4 Aetiology of acquired palatal defects
Almost all acquired palatal defects are due to resection of neoplasms of the palate and
paranasal sinuses, and the extent of the resection is dependent upon the size, location, and
potential behaviour of the tumour (Kalavrezos and Bhandari, 2010). In general, malignant
tumours require aggressive resection whereas benign neoplasms demand less extensive
surgery. Most of these tumours, whether benign or malignant, are quite late to metastasize.
The majority of tumours of the palatal and paranasal sinus regions are epidermoid
carcinomas, namely squamous cell carcinoma (SCC) (Beale and Garrett, 1983; Futran and
Mendez, 2006; Zini et al., 2010). Neoplastic, inflammatory and infectious aetiologies of
maxillary defects must also be considered. These are listed in Table 1.

Table 1. Aetiology of maxillary defects

Material(removed(for(copyright(reasons(
From Beumer et al., 2011a
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1.4.1 Neoplastic tumours
These include SCC that spread not only locally, but also along the regional lymphatics
(Neville and Day, 2002). Tumour size larger than 3 cm, extension to neighboring structures,
and contralateral or bilateral lymph node metastasis is associated with a decreased survival
(Konrad et al., 1978). Adenoid cystic carcinomas are slower growing malignancies, but
extended follow-up is necessary because of the risk of perineural spread (Kakarala and
Bhattacharyya, 2010). Late distant metastases occur and are predominantly in the lung and
bones. These tumours require very aggressive local resections with wide margins to reduce
the risk of perineural spread.

1.4.2 Inflammatory conditions
These include conditions such as midline granuloma and Wegener’s granulomatosis are rare
lesions consisting of vasculitis and round cell infiltration with eventual necrosis of the mucosa
and bone of the midpalatal area (Fuchs and Tanner, 2009). Chemotherapy, steroids and
radiation therapy have resulted for many in long-term remissions in this previously rapidly
fatal disease, so that these patients now survive for rehabilitation of the palatal defect.

1.4.3 Infectious conditions
The fungal infections mucormycosis and aspergillosis can occur in patients with diabetes
mellitus, in patients with major immune deficiencies, and/or on immunosuppressive
medications (Rapidis, 2009). These infections usually involve the nasal cavity, the maxilla,
paranasal sinuses and orbits resulting in necrosis of the involved structures. Treatment may
require extensive resection of the palate, maxilla and facial tissues in order to remove the
extent of necrosis (Marques, 2010). The resulting defect is difficult to restore because it is
generally lined with respiratory mucosa and poorly keratinized squamous epithelium making
it more difficult for the patient to tolerate a prosthesis (Kurrasch et al., 1982).

1.4.4 Cocaine abuse
Persistent, long-term cocaine abuse can result in defects of the palate and these vary from
small perforations of the hard palate to large defects involving both hard and soft palate
(Hofstede and Jacob, 2010).

1.4.5 Trauma
Avulsive wounds of the maxilla may result in large defects that pose unique prosthodontic
challenges. They differ from acquired maxillary defects in many important ways. In general
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these defects have irregular shape, are lined with poor quality mucosa and there is significant
scarring of tissues adjacent to the defect (Weins and Hickey, 1996). Frequently, remaining
maxillary segments are not secured to the cranial base. In addition, since many of these
defects are self inflicted, these patients also present with significant psychosocial challenges.

1.4.6 Clinical presentation of neoplasms of the palate and paranasal sinuses
Sino-nasal tumours frequently present with symptoms such as rhinorrhea, nasal congestion,
intermittent epistaxis, facial pain/pressure, and/or post-nasal drip that may mimic more
common conditions such as allergic rhinitis and sinusitis, delaying the diagnosis (Kalavrezos
and Bhandari, 2010). Mucosal ulceration or a fungating mass may be present, but because
malignant tumours grow rapidly, oral extension of a sino-nasal tumour may present as altered
sensation, dental pain, mobile teeth, malocclusion and trismus as a result of bony erosion
(Bagan et al., 2010). If this does not occur, or if other signs or symptoms are ignored, a neck
mass may be the presenting sign, as a result of metastatic cervical adenopathy (Scully et al.,
2008).

1.4.7 Treatment of neoplasms of the palate and paranasal sinuses
The treatment, any resulting defect and the prognosis for recurrence is dependent on the
histology of the lesion as well as the location, size, and how far the lesion has extended.
Although the resulting palatal defects appear similar, treatment varies based on the
histological findings, whether the resection margins are tumour free and the presence of
metastasis. The more common tumours, such as SCC and adenoid cystic carcinoma behave
differently and the decision of whether the patient requires adjuvant radiation therapy or not
depends on margin status, tumour spread to local structures and local and distant metastasis.
Malignancies of the maxilla often require surgery and radiotherapy with or without
chemotherapy to optimize outcomes (Nibu et al., 2002), in contrast to benign tumours such as
pleomorphic adenoma where resection with appropriate margins is adequate in preventing
recurrence. Debulking surgery has been advocated for paranasal sinus malignancies followed
by high-dose radiotherapy of the involved sites (Nibu et al., 2002). Combination surgery and
radiotherapy may also be beneficial because the surgery offers relief for complaints such as
pain, offers histological staging, and enables radiotherapy adjustment to sites for which there
is a concern for remaining tumour (Dulguerov et al., 2001).
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1.5 Surgical approach - palatectomy and maxillectomy
A palatectomy is usually performed transorally and is used to resect benign tumours and
localized malignancies arising from the palatal mucosa. The term maxillectomy refers to any
resection, in part or all of the maxilla. Various terminology has been used to describe
maxillectomies adjunctively such as radical, total, extended, subtotal, medial, partial, and
limited and various classification systems have been developed to describe the location of the
resection defect (Aramany, 1978a; Spiro et al., 1997; Brown et al., 2000; Okay et al., 2001).
Following tumour resection, if there is no intention to utilize a microvascular free flap, a split
thickness skin graft is placed under the soft tissue flap to line the surgically produced cavity.
The wound is packed with a surgical dressing, an immediate surgical obturator is placed, and
the surgical incision is closed.

1.5.1 Surgical resection
Resection of benign lesions requires removal of the tumour along with a margin of normal
tissue. Malignant tumours also require removal of a margin of normal tissue as a cuff to
ensure that the tumour has been removed. The reconstruction using prosthetics or soft tissue
techniques should be planned and early involvement of a prosthodontist will help to optimize
the reconstruction and the dental rehabilitation. The prosthodontic goals with an obturator
prosthesis are to restore the partition between the nasal and oral cavity, restore palatal
contours and maintain the tongue space, replace the missing teeth, restore midfacial contours
and provide retention, stability and support for the obturator prosthesis without compromising
the health of residual dentition and supporting structures. These goals can almost always be
achieved when there is good communication with surgical colleagues and there are a number
of modifications of surgery that may improve the prognosis for prosthetic rehabilitation
(Beumer et al., 1994; Keyf, 2001). These include:
a. Retention of as much hard palate as possible.
b. Use of a split thickness skin graft on the retracted cheek flap.
c. Retention of as many teeth as possible and the transalveolar resection should be made
as far away as possible from the tooth adjacent to the resection.
d. Covering the medial bony margin of the palatal bones with palatal mucosa.
e. Providing access to the defect by removing structures such as the turbinates and bands
of oral mucosa that may prevent the prosthesis from engaging key areas of the defect.
f. Placement of osseointegrated implants at the time of tumour resection should be
considered for edentulous patients or when the prognosis for the remaining dentition is
poor.
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1.5.2 Surgery vs prosthodontic options to restore a defect
The aetiology and size of the defect are important considerations when deciding the method
of rehabilitation (Beumer et al., 1982; Desjardins, 1977; Davison et al., 1998; Okay et al.,
2001). When the defect is the result of trauma, immediate surgical closure or reconstruction is
indicated. The soft tissues are approximated, the mucosa is closed and raw surfaces are left to
granulate or are covered with a split thickness skin graft. If the defect is large, then closure
may require local or regional flaps. For other types of defect, the size and location of the
defect also influence the method of restoration (Beumer et al., 1982; Cordeiro and
Santamaria, 2000; Kolokythas, 2010). Small defects of the alveolar ridge and hard palate can
be closed surgically with local flaps whereas larger hard palate defects can be restored
surgically with vascularised free-flaps or by prosthodontic obturation (Okay et al., 2001).

1.5.3 Prosthetic rehabilitation
If the defect is to be restored prosthetically, prior to surgery the prosthodontist should
examine the patient, make dental impressions and obtain appropriate dental radiographs
(Desjardins, 1977; Beumer et al., 1982). Prosthodontic therapy for patients with acquired
surgical defects of the maxilla can be arbitrarily divided into three phases of treatment with
each phase having different objectives (Keyf, 2001). The initial phase is called surgical
obturation and entails the placement of a prosthesis at surgery. The primary objective of
immediate surgical obturation is to restore and maintain oral functions at reasonable levels
during the initial postoperative period. The second phase of postsurgical prosthodontic
treatment is called interim obturation. The objective of this phase is to provide the patient
with a comfortable and functional prosthesis until healing is complete. The interim obturator
phase begins when the surgical obturator and packing is removed. Generally three to six
months after surgery, the surgical site is well healed and dimensionally stable, permitting the
third phase of prosthodontic therapy to commence, the construction of the definitive
prosthesis (Beumer et al., 1996; Keyf, 2001).
1.5.3.1 Surgical obturation
Immediate surgical obturation is indicated for most patients (Keyf, 2001) and has been
accomplished with a variety of restorations and materials including sponges (Raines and
James, 1955), gutta-percha (Hammond, 1966), inflatable bulbs and acrylic resin prostheses
(Keyf, 2001). In most instances the prosthesis is initially used to restore palatal integrity,
reproduce palatal contours and, in selected cases, to replace anterior teeth. Surgical packing is
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used to occlude the defect. The surgical prosthesis should be left in place for at least 7-10
days post-surgically, but may be left as long as 2-3 weeks, and during this time it is wired to
the remaining teeth or wired or secured to the palate with screws (Keyf, 2001). There are a
number of advantages of immediate surgical obturation for edentulous and dentate patients
requiring a maxillectomy and partial or total palatectomy (Desjardins, 1977; Beumer et al.,
1982; Keyf, 2001). These include:
a. The prosthesis provides a matrix on which the surgical packing can be placed. Upon
closure of the wound, the obturator maintains the packing in position thus ensuring
close adaptation of the split thickness skin graft to the raw surfaces of the cheek flap.
b. The prosthesis reduces oral contamination of the wound during the immediate
postsurgical period and thus may reduce the incidence of local infection.
c. The prosthesis enables the patient to speak more effectively immediately
postoperatively by replacing anterior teeth, by reproducing normal palatal contours
and by covering the defect.
d. The prosthesis permits deglutition, particularly swallowing food, thus eliminating the
need for a nasogastric tube for some, or its earlier removal for others.
e. The prosthesis lessens the psychological impact of surgery by making the
postoperative period easier to bear. The patient is reassured that rehabilitation has
begun.
f. The prosthesis reduces the period of hospitalization with most patients being
discharged from the hospital 3-5 days after surgery.
1.5.3.2 Interim obturation
Seven to ten days post surgery, the prosthesis and packing are removed. The prosthesis is
cleaned and adjustments are made. An application of intermediate denture reline material will
improve the fit, seal and comfort of the obturator. Acrylic denture relining materials, as
opposed to tissue conditioning materials, are preferred because the latter only have limited life
spans that may be as little as 1 week (Elsemann et al., 2008). In addition, the acrylic denture
reline materials can be polished.
The patient is usually seen every one to two weeks and the prosthesis relined to account for
tissue changes secondary to healing (Keyf, 2001). During the early stages of healing the
prosthesis is worn at night, because rapid contraction of the surgical wound during these early
stages may make reinsertion of the prosthesis the following morning both painful and
difficult. As healing progresses extension of the prosthesis further into the defect will improve
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seal and retention (Beumer et al., 1982). The objective of interim obturation is to serve the
patient through the immediate postoperative period (Beumer et al., 1982; Jacob et al., 1985).
These prostheses can usually be maintained until the definitive obturator is constructed.
1.5.3.3 Definitive obturation
A definitive prosthesis is not indicated until the surgical site is healed and dimensionally
stable and the patient is prepared physically and emotionally for the prosthodontic treatment
that may be necessary; this is usually three to four months after surgery (Keyf, 2001). The
timing will vary depending upon the size of the defect, the progress of healing, the prognosis
for tumour control, the use and timing of postsurgical radiation or chemoradiation, the
effectiveness of the interim obturator, and the presence or absence of teeth (Beumer et al.,
1982). As the defect must be engaged more actively for edentulous patients to maximize
support, retention and stability, the recovery period is often extended for these patients
(Schaaf, 1977).
Several factors need to be considered when designing the definitive obturator prosthesis
(Beumer et al., 1982; Keyf, 2001). These include:
a. Movement of the prosthesis. The prosthesis will usually move significantly more than
a conventional prosthesis during function because of reduced support; the obturator
will be displaced superiorly into the defect with the force of mastication and will tend
to drop without occlusal contact. In dentate patients the degree of movement will vary
with the number and position of teeth or implants (if any), the amount of palatal area
remaining, as well as with the size and configuration of the defect. The prosthesis will
exhibit much more movement in edentulous patients, particularly when little palatal
support is available.
b. Tissues changes. Dimensional changes will continue to occur for a least a year
secondary to scar contracture and further organization of the wound particularly in
defects that extend onto the soft palate. Movement of the prosthesis during function
may in itself contribute to tissue changes. If a removable partial prosthesis is indicated,
the obturator portion should be constructed of acrylic resin so that the prosthesis may
be relined or rebased to compensate for these changes.
c. Oral-nasal partition. Obturators for acquired defects of the maxillae are primarily to
re-establish the oral-nasal partition. The obturator prosthesis is also extended into the
defect in order to enhance its retention, stability and support.
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d. Extension into the defect. The degree of extension into the defect is dependent upon
the need to maximise retention, stability, and support for the obturator prosthesis.
e. Teeth. The presence of teeth enhances the prosthetic prognosis. Every effort should be
made to maintain and enhance the longevity of teeth or even roots of teeth to assist
with the retention, stability, and support for the prosthesis. In some instances teeth
adjacent to the defect are splinted together to enhance their load bearing capacity
(Lyons et al., 2005).
f. Implants. The placement of osseointegrated implants will improve the function of the
prosthesis, particularly for edentulous patients (Fueki et al., 2007). Implants can be
placed either in association with resection of the tumour or at some appropriate time
thereafter.
g. Weight. Bulky areas should be hollowed to reduce weight so that teeth and supporting
tissues are not stressed unnecessarily; hollowing the maxillary obturator prosthesis can
reduce the weight of the prosthesis by between 7% and 33% depending upon the size
of the maxillary defect (Wu and Schaaf, 1989).
The superior surface of an obturator can either be left open or closed (Wu and Schaaf, 1989).
Clinicians that prefer the closed top maintain that if the obturator is left open, nasal secretions
accumulate leading to odour and added weight. The accumulation of secretions with an open
obturator is not significant for most patients, particularly those who have previously been
irradiated. The open top obturator is preferred by many clinicians because it has less weight,
is easier to adjust and speech may be better with this configuration (Oral et al., 1979).
The construction of the definitive prosthesis will vary with the type of resection and the
presence or absence of teeth. Prosthodontic treatment requires that the defect must be engaged
more actively for retention, stability and support of the prosthesis for the edentulous patient
than for the dentate patient (Schaaf, 1977). The use of the defect to obtain support and
retention in the dentate patient depends upon the size and configuration of the defect, the
number and configuration of teeth that remain post-surgically, and the presence of implants
(Beumer et al., 1982; Keyf, 2001). If the obturator prosthesis is not properly designed and
constructed, the stress upon the remaining hard and soft tissues can be pathologic and lead to
premature loss of abutment teeth or implants and the subsequent chronic irritation of the
supporting soft tissues (Aramany, 1978b).
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When combination surgery and radiotherapy is indicated, radiotherapy will normally
commence approximately 6 weeks after surgery and will delay commencement of the
definitive obturator phase of treatment until the surgical site has healed from both the surgery
and the effects of radiotherapy (Keyf, 2001).

1.6 Radiation therapy of head and neck tumours
Radiation therapy is defined as the therapeutic use of ionizing radiation. The gray (Gy) is the
International System of Units (SI) unit of absorbed radiation dose of ionising radiation (for
example, X-rays), and is defined as the absorption of one joule of ionising radiation by one
kilogram of matter (Zaider et al., 1988; Willers and Held, 2006). Two broad categories of
radiation are available - electromagnetic waves using photons and particulate radiation, using
either electrons or neutrons (Zaider et al., 1988; Willers and Held, 2006). As the dose of
radiotherapy increases, the tissue changes become more profound and irreversible, resulting
in an increased incidence of complications (Hall et al., 1988). The tolerance of normal tissues
will therefore limit the dose of radiotherapy that can be delivered. A number of methods have
been developed over the years to devise treatment schedules to improve tumour control, yet
limit side effects (Wang et al., 2011). Fractionation remains the most significant development
in radiation therapy that maximises tumour control and limits tissue effects (Bernier et al.,
2004). Fractionation involves the delivery of radiation in a series of treatments or fractions,
and the number of fractions, dose of radiation per fraction, total dose and the time period over
which the therapy is delivered are all important variables to be considered when evaluating
the biologic effect (Willers and Held, 2006; Wang et al., 2011). Curative tumour treatment
regimens vary depending on factors such as tumour location and radiosensitivity (Hall, 1985).
For example, conventional fractionation treatment for squamous cell carcinomas of the head
and neck region consists of a total dose of 65 to 72 Gy in equal daily fractions of 1.8 to 2 Gy
given Monday to Friday over a 7-week period (Willers and Held, 2006). The final total dose
is limited by the radiation tolerance of critical normal tissues within the clinical field (or area)
of radiation.
Most patients with head and neck tumours will receive radiotherapy at some time during the
course of their treatment (Bhide and Nutting, 2010; Wang et al., 2011). In some tumours,
radiation alone is employed whereas in others it is used in combination with surgery and
recently, particularly in the treatment of tumours of the oropharynx and nasopharynx, with
chemotherapy (Bhide and Nutting, 2010). In recent years, because of improved treatment
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planning imaging with computed tomography (CT) and magnetic resonance imaging (MRI),
higher doses of radiation have been used to achieve better tumour control (Wang et al., 2011)
and this is often combined with chemotherapy (Bernier et al., 2004). As a consequence, the
incidence and severity of pre- and post-radiation morbidity has been increasing, particularly
in those patients treated with a combination of chemotherapy and radiotherapy (Kasibhatla et
al., 2007; Bhide and Nutting, 2010).
The biological effects of radiation can occur through either direct or indirect action. Direct
action results when secondary particles (i.e., recoil electrons and protons) interact with the
target molecule, while indirect action results from interaction with water to produce free
radicals (hydroxyl and hydrogen), which in turn interact with the target molecule by
oxidation-reduction reactions (Hall et al., 1988). The primary effect of radiation occurs within
the nucleus, which is 100 to 1000 times more sensitive to radiation than the cytoplasm (Hall,
1985). After irradiation, there is only a small amount of immediate cellular death from direct
effects; most of the damage is confined to intranuclear structures, such as the DNA and the
mitotic apparatus (Willers and Held, 2006). If enough time passes between the sublethal event
and cellular division, the damage to the tumour cells may be corrected; hence the need for
repeated doses. While the healthy tissue repair time will vary with different tissues, a
minimum safe clinical interval of six hours is necessary to allow time for the healthy tissue to
repair prior to another dose of radiation (Willers and Held, 2006).
In radiation biology, the target molecule is the DNA (Bernier et al., 2004). The effect on
individual cells may vary according to the stage of the cell in the cell cycle at the time of
irradiation because cells are not uniformly radiosensitive during the different phases of their
cycle (Willers and Held, 2006). They are most vulnerable during G1 and in mitosis, and
relatively radioresistant at the beginning and end of DNA synthesis. The tolerance of healthy
tissues, however, limits the radiation dose. In general, tissues with rapid turnover rates such
as oral mucosa exhibit acute reactions to radiation (oral mucositis) while tissue changes in
those with longer turnover rates may not be evident for months or years (Vissink et al.,
2003b). Newer techniques, such as intensity modulated radiation therapy (IMRT), allow the
delivery of radiation therapy to be shaped to the contours of the tumour. This technique
allows higher doses of radiation to be delivered to the tumour and minimises the amount of
radiation being delivered to healthy tissue compared to conventional radiotherapy, where
large volumes of normal tissue are irradiated to doses equivalent to tumour doses, but this
technique has not yet been shown to provide better tumour control (Veldeman et al., 2008).
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The majority of patients with head and neck cancer present with the carcinoma at an advanced
stage, and most malignant neoplasms of the mucosa of the head and neck are SCCs of various
degrees of differentiation and radiosensitivity (Willers and Held, 2006). When the decision is
made to treat with primary radiation therapy, treatment can be with conventional fractionation
or IMRT. A planned combined approach with surgery followed by radiotherapy is indicated
when there are positive surgical margins or residual gross disease, tumour spillage at surgery,
and perineural and/or lymphovascular invasion (Kalavrezos and Bhandari, 2010).

1.6.1 General tissue effects
Any tumour can be obliterated by radiation if the dose delivered is sufficient. The limiting
factor is the amount of radiation the surrounding and adjacent normal tissue will tolerate.
Early tissue changes noted include swelling, degeneration and necrosis of the inner
endothelial lining of small arteries and arterioles (Barcellos-Hoff et al., 2005). Loss of
endothelial lining leads to formation of thrombi that occlude the smaller vessels. These
changes lead to increased permeability of vessel walls that in turn leads to increased vascular
congestion. Increased amounts of perivascular fluid exert pressure on the walls of small
vessels further impeding blood flow. Over time, medium sized arteries such as the inferior
alveolar artery may become occluded (Barcellos-Hoff et al., 2005). These changes impair
metabolic support for surrounding tissues and lead to increased fibroblastic activity and
fibrosis. The process of fibrosis continues for years with resultant further narrowing and
obliteration of vessel lumens. These responses are more severe, and the damage becomes
permanent, as the dose increases particularly if combined with concomitant chemotherapy
(Bhide and Nutting, 2010). Surgical procedures, such as extraction of teeth within heavily
irradiated tissues, are more difficult and have more complications (Joshi, 2010; Madrid et al.,
2010a).

1.6.2 Oral effects, dental manifestations and dental treatment following
radiotherapy
1.6.2.1 Oral mucous membranes and mucositis
The term oral mucositis emerged in the late 1980s to describe the adverse effects of
chemotherapy-induced and radiation therapy–induced inflammation of the oral mucosa
(Sonis, 2007). Oral mucositis can be a major nonhaematologic complication and symptoms
vary from pain and discomfort to an inability to tolerate food or fluids. Mucositis may also
limit the patient’s ability to tolerate either chemotherapy or radiation therapy, resulting in
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dose-limiting toxicity, hence drastically affecting cancer treatment and outcome (RaberDurlacher et al., 2010). In oral mucosa, radiation effects appear early in the course of therapy.
The severity of the local tissue reactions depends upon factors such as radiation dose, the size
of each fraction, volume of irradiated tissue and the type of ionizing radiation used (Sonis,
2007; Raber-Durlacher et al., 2010).
The exact pathophysiology of mucositis is not fully known, but it is thought to have two
mechanisms: direct mucositis and indirect mucositis (McIlroy, 2007).

Direct mucositis

occurs as a result of the rapid turnover of oral mucosa epithelial cells, usually every 7 to 14
days, which makes these cells susceptible to the effects of cytotoxic therapy. Both
chemotherapy and radiation therapy can interfere with the maturation and cellular growth of
epithelial cells, causing an increase in turnover and cell death. Indirect mucositis can be
caused by increases in gram-negative bacteria and fungal species in patients at an increased
risk of oral infections when they are neutropenic (McIlroy, 2007; Sonis, 2007).
Based on these considerations, new pathophysiology concepts have emerged, and the
mechanism of mucositis appears to involve five phases as described below (Sonis, 2007).
a. Initiation: Initiation occurs immediately following the administration of radiation
therapy or chemotherapy. Initial direct damage to DNA can lead to immediate cell
death in basal epithelia and submucosal cells, but cell death accounts only for a small
number of injured cells and is not of sufficient magnitude to result in the extensive
injury that characterizes the clinical presentation of mucositis.
b. Primary damage response: By activating a number of signalling pathways, with
chemotherapy and/or radiation, reactive oxygen species (ROS) (directly) and damaged
cells and their damaged DNA (indirectly) initiate the expression of SP1-related
retinoblastoma control protein, p53, and nuclear factor kappa-B (NF-κB), and initiates
the ceramide pathway that results in mucosal injury.
c. Signal amplification: In the first two stages, multiple sources of damage lead to
message generation that activates normal damage-response pathways at the cellular
and molecular levels. Many of the proteins produced during the primary damage
response serve to stimulate additional injury through positive feedback loops. These
feedback loops magnify the response to the initial injury by amplifying and
potentiating the original signals, increasing tissue injury and prolonging damage by
continuing to provide signals for days after the original chemotherapeutic or
irradiation insult.
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d. Ulceration: Clinically and symptomatically, the ulcerative phase is the most
significant. The ulcers are usually covered by a pseudomembrane composed of dead
cells and fibrin, which provides a favourable environment for secondary bacterial
colonisation. Both gram-positive and gram-negative bacteria thrive within the
psuedomembrane and may penetrate and invade the vessels of the submucosa to
produce bacteraemias. In addition, bacterial cell wall products that find their way into
the submucosa are excellent stimulators of macrophage pro-inflammatory cytokine
production and the release of additional destructive matrix metalloproteinases.
e. Healing: In most cases, the ulcers of mucositis resolve spontaneously within two to
three weeks following the completion of treatment. Of all the stages of mucositis, the
healing phase is probably the least understood. Even after the full replenishment of the
epithelium, the structure of the reconstituted submucosa is altered due to mucotoxic
damage (Denham and Hauer-Jensen, 2002).
Clinically, initial erythema is followed by extensive ulceration and desquamation. These
acute changes are secondary to radiation-induced mitotic death of the cells composing the
basal layer of the epithelium and are rarely seen when the dose per fraction is below 1.8 Gy
(Vissink et al., 2003b). Most patients, however are exposed to higher doses, generally 2 Gy
per fraction or more, and so up to 80% of patients develop mucositis (Vissink et al., 2003a;
Vissink et al., 2003b).
Pseudomembraneous mucositis usually begins to appear 2 to 3 weeks after the start of
therapy, but may appear earlier with hypofractionationed schemes when radiation treatment is
given twice a day compared to the once daily conventional fractionation schemes, and peaks
toward the end of treatment (Vissink et al., 2003b). Mucositis is most severe in patients
treated concomitantly with radiation and chemotherapy and frequently these individuals
require hospitalization and the placement of gastric feeding tubes. Backscatter from gold
restorations can increase dose to the adjacent local tissues and increase the severity of
localised mucositis. The oral cavity mucosa does not all react in the same manner. The
severity of mucositis depends upon the tissues included within the radiation field, the size and
location of the tumour, the dose per fraction, the fractionation pattern and total dose, and
varies considerably from patient to patient. Less keratinized mucosal surfaces of the
nasopharynx and oropharynx are affected more severely than more keratinized surfaces such
as the hard palate and attached gingiva.
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Changes to the balance of the oral flora are thought to exacerbate radiation mucositis. During
this period, acute tissue changes may occur (Ramirez-Amador et al., 1997; Vissink et al.,
2003b), while colonisation by gram-negative bacteria appears to induce more severe mucosal
reactions during the later stages of radiation therapy (Spijkervet et al., 1991). In patients
receiving radiation alone, healing is rapid and is usually complete two to four weeks after
completion of therapy. Resolution and restoration of mucosal integrity occurs from the
surviving mucosal stem cells. In patients receiving combined radiotherapy and chemotherapy,
resolution of oral mucositis is prolonged and may take up to 6-12 months in some patients
(Naidu et al., 2004).
1.6.2.1.1 Management and prevention of mucositis
Prevention and management of mucositis symptoms has been the object of study in recent
times and has focused on strategies, based on the model proposed by Sonis (2004, 2007), that
inhibit the development of tissue injury at the molecular level (Sonis, 2004; 2007).
Radioprotective agents such as amifostine, benzydamine and N-acetylcysteine that act as
reactive oxygen species (ROS) inhibitors may reduce the effects on mucositis (Sonis, 2004;
Law et al., 2007). These agents act as free radical and ROS scavengers and minimize many of
the deleterious effects of irradiation on normal cells and are also potent anti-inflammatory
agents. Chlorhexidine mouth rinses have not been shown to be effective (Spijkervet et al.,
1989; Foote et al., 1994) but therapy aimed at selectively suppressing gram-negative bacilli
and fungi with an oral lozenge consisting of polymyxin, tobramycin and amphotericin B, has
been shown to be effective in minimizing the severity of oral mucositis (Spijkervet et al.,
1990; McIlroy, 2007).
Treatment of mucositis during cancer therapy continues to be supportive following the
development of signs and/or symptoms. This treatment ranges from removing potential
mucosal irritants, cleansing the oral mucosa, maintaining the moisture of the lips and the oral
cavity, relief of mucosal pain and inflammation with topical analgesics to systemic pain
medications, and prevention or treatment of infection (Scully and Epstein, 1996). Nystatin
oral suppositories are commonly used to treat acute oral fungal infections, however,
prolonged use of antifungal medications is discouraged because of the risk of developing
fungal resistance to these drugs (Odds et al., 2003).
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1.6.2.1.2 Long-term changes to the oral mucous membranes
After radiation therapy there are significant changes in the tissues that were in the field of
radiation that can predispose to tissue breakdown and delayed healing (Vissink et al., 2003a).
The overlying epithelium becomes thinned and exhibits less keratinization whereas the
submucosa becomes less vascular and more fibrotic. The clinical appearance of irradiated
mucous membranes is often a good indicator of individual patient tolerance and response.
Transparent, pale-appearing mucosa with prominent telangiectasia is an indicator of severe
mucosal changes. In such patients minimal trauma to tissues within the field of radiation can
result in ulcerations and occasionally exposure of bone requiring months of healing (Lyons
and Ghazali, 2008; Madrid et al., 2010b).
1.6.2.2 Taste and olfaction
Taste acuity is affected by tumouricidal doses of radiation and its impairment may affect the
nutritional status of a patient (Sandow et al., 2006; Mirza et al., 2008; Epstein and Barasch,
2010). Patterns of food selection and intake change and the patient may experience significant
weight loss secondary to reduced appetite. Histologically, taste buds show signs of
degeneration and atrophy at 10 Gy, and at tumouricidal levels of radiation the architecture of
the buds is almost obliterated (Conger, 1973; Sandow et al., 2006). Most patients experience
partial or complete loss of taste acuity during therapy (Porter et al., 2010a). Alterations
become evident during the second week and continue until the end of treatment. Within six
months taste thresholds gradually return to near normal levels (Sandow et al., 2006). Taste
acuity may not return to normal levels, however, in patients with severe xerostomia. Saliva is
the solvent for gustatory stimuli and the presence of saliva plays an important role in
regaining normal taste acuity (Matsuo, 2000).
1.6.2.3 Oedema
Oedema occurs because of radiation-induced fibrosis that impairs the competency of both
lymphatic and venous channels resulting in lymphatic and venous obstruction (Vissink et al.,
2003b). Oedema of the tongue, buccal mucosa, and submental or submandibular areas
occasionally is clinically significant. Oedema becomes apparent during the early postradiation period when scarring and fibrosis begin to appear. Occasionally oedema reaches
proportions which compromise tongue mobility, impair salivary control, and impair denture
utilization and speech articulation (Vissink et al., 2003b). The severity of oedema varies from
day to day and with the time of day, being most severe in the early morning and diminishing
as the day progresses.
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1.6.2.4 Salivary glands
Saliva originates from saliva glands that are diverse in size, location, distribution of secretory
cell types, patterns of innervations, and contributions to the fluid and organic components in
saliva (Culp et al., 2011). There are three sets of major bilateral salivary glands, the parotid,
submandibular and sublingual. Saliva glands are generally classified by their relative content
of histologically distinct secretory cell types, serous (parotid and von Ebner’s), mucous
(sublingual, labial, buccal, palatine and lingual mucous), and mixed (submandibular with
predominantly serous and interspersed mucous tubule-acini) (Pinkstaff, 1980). Under
stimulated conditions, the major glands produce over 90% of salivary flow, while the minor
salivary glands in the mouth and lips account for the remainder. The parotid is the biggest
producer under stimulated conditions. At moderate flow rates it accounts for half the salivary
output and at high flow rates can account for two-thirds of secretory production (Humphrey
and Williamson, 2001). The minor salivary glands are responsible for most saliva production
during non-stimulated periods. When conventional radiation therapy (CRT) is given and all
the major salivary glands are within the radiation clinical field, mean salivary output can be
reduced between 86% to 93% (Grundmann et al., 2009). Changes in salivary secretions are
quickly apparent to the patient. Often by the first four or five treatments patients notice a
reduction in saliva output and an increase in viscosity. When CRT is used, most of the
parenchyma of the major salivary glands are in the radiation field and secretory output can be
almost negligible at the end of therapy (Grundmann et al., 2009).
While the turnover rate exhibited by the cells of the salivary gland parenchyma is slow, within
the first week of treatment there are dramatic reductions in salivary flow rates indicating that
salivary gland tissue responds acutely to radiotherapy (Grundmann et al., 2009). Changes in
volume, viscosity, pH, inorganic and organic constituents of saliva occur following irradiation
of major salivary glands (Grundmann et al., 2009). These changes predispose patients to
fungal infections, caries and periodontal disease that may lead to more serious bony infections
and substantially diminish quality of life (Kielbassa et al., 2006; Meurman and Gronroos,
2010). Increased viscosity and reduced flow of saliva also contribute to impairment of taste
acuity and poor tolerance of removable prostheses (Beumer et al., 1976; Beumer et al.,
2011b). The mechanisms associated with radiation-induced salivary gland damage are
becoming increasingly clear. Early damage to the salivary glands is not apparent using light
microscopy and even with 40 Gy no damage is detected histologically. Significant damage,
however, is seen with electron microscopy (Sodicoff et al., 1974). Although the architecture
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of the parenchyma remains relatively unchanged, the acinar cells cease to function normally
and secretory responses are reduced by 50% immediately following the first few radiation
fractions (Coppes et al., 2001). During radiotherapy, and for a few months after, there is
evidence of recovery among acinar cells, as demonstrated by secretion or mitotic activity.
However, this is followed by a dramatic reduction in the number of acinar cells accompanied
by progressive fibrosis and continued degeneration of the fine vasculature (Grundmann et al.,
2009). Cellular depletion is thought to be secondary to the lack of replenishment by glandular
stem cells possibly as a result of sublethal DNA damage, which manifests and becomes lethal
at a later cell cycle phase when the acinar progenitor cells go through a reproductive phase
(Nagler, 2002). It is thought that the agents that cause this delayed reproductive cell death are
highly redox-active transition metal ions, such as iron and copper (Nagler, 2002). Ultimately,
salivary glands exposed to high radiation doses become reduced in size and adherent to
adjacent tissues. Interstitial and interlobular fibrosis becomes advanced with marked
degeneration of acinar elements resulting in reduced salivary function so that all that remains
are remnants of the ductal system (Grundmann et al., 2009).
There is no significant return of salivary function in radiotherapy patients where all the major
salivary glands are within the field of radiation and consequently, the risk of caries is high and
permanent (Kielbassa et al., 2006; Meurman and Gronroos, 2010). Conversely, in lesions of
the floor of the mouth and tongue, when radiotherapy is used, the salivary glands at the
junction of the hard and soft palate and significant amounts of parotid tissue can be spared,
resulting in higher post-therapy salivary output and patients often note improved flow rates
one to two years after radiation (Porter et al., 2010b).
The radiation dose required to cause irreversible damage to major salivary glands is still not
known. Best estimates are that irreversible damage occurs in the range of 26-39 Gy depending
on the patient age and other factors such as the size and extent of the radiation field and
dosage (Grundmann et al., 2009). It has been reported that when the mean doses to the
parotid glands were moderate (less than 26 Gy) flow rates were 50% of pre-treatment levels
in the initial weeks and months post-radiotherapy, but returned to pre-treatment levels one
year post-radiotherapy and showed continued improvement in flow rates during the second
year post-radiation (Eisbruch et al., 2003a; b). However, as the dose increases, tissue changes
become irreversible, and at doses above 55 Gy there is little recovery of function (Roesink et
al., 2001). In studies conducted in recent years the “mean dose” concept has been used as a
method to predict post-radiation salivary gland damage and function (Eisbruch et al., 2001;
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Roesink et al., 2001; Konings et al., 2006). The best results in retaining reasonable salivary
flow after radiation are achieved by sparing salivary glands from high dose radiation (Vissink
et al., 2003a).

Mira and colleagues (1981) reported that if 50% of the parotid gland

parenchyma were outside the radiation field, severe xerostomia was prevented. The use of
concomitant chemotherapy may, however, accentuate the effects of the radiation leading to
increased levels of tissue damage, although this requires further study (Mira et al., 1981).
The viscous nature of saliva after radiation occurs most commonly because the minor salivary
glands and the sublingual gland, which are frequently out of the field of radiation, have a
greater percentage of mucous acini and are more radiation resistant than the predominately
serous parotid and submaxillary glands. The changing nature of salivary secretions following
radiation therapy and their effect on the caries process is well established. Until Brown’s
work in 1976, quantitative salivary changes were assumed to be more important than the
qualitative changes (Brown et al., 1976). Brown and several other investigators confirmed
that the concentration of immunoglobulins and lysozyme were higher after radiation therapy,
but the total daily output was reduced resulting in a significant immunoglobulin deficit,
sufficient to create oral flora changes and leading to a higher risk of dental caries (Brown et
al., 1976; Valdez et al., 1993; Almstahl et al., 2001).
The radiation-induced changes affecting the secretory duct system also lead to significant
compromisation of the buffering capacity of saliva, an effect that increases as flow rates
decline and as the radiation dose increases (Dreizen et al., 1976; Anderson et al., 1981;
Grundmann et al., 2009). Decreased salivary output and increased viscosity affect the use of
removable prostheses (Beumer et al., 1976; Beumer et al., 2011b). Saliva is an effective
lubricant at the denture-mucosal interface and provides tolerance particularly for mandibular
complete dentures because with lower amounts of saliva, more friction is produced as the
denture slides over the mucosal bearing surfaces during function. Additionally, peripheral seal
may be difficult to obtain with maxillary complete dentures, further compromising retention
in patients who may already have deficient supporting areas for their prostheses, particularly
those patients that have had a maxillary resection. Changes in saliva, combined with irregular
bearing surfaces has been shown to result in an increased risk of mucosal perforation in
patients using mandibular dentures (Beumer et al., 1976), and surface roughness of acrylic
resin of greater than 0.2µm will result in increased adhesion of C. albicans compared with
smooth acrylic resin, affecting tissue health and longevity of the prosthesis particularly if the
patient has a silicone denture base (Bollen et al., 1997).
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1.7 Saliva
Xerostomia, or dry mouth, can occur following radiation therapy for head and neck cancer, as
well as for users of anticholinergic medications, and subjects with Sjögren’s Syndrome (Ship,
2002). Saliva is critical to many processes in the oral cavity and performs several important
functions. These include lubrication, hydration, buffering, mineralization, tissue coating, and
antimicrobial activity and facilitates taste, mastication, swallowing and speech (Figure 1). A
decrease in salivary flow rate will not only impair many salivary functions, but also general
well being and quality of life (Dodds et al., 2005).

Material(removed(for(copyright(reasons(
(from Huq et al., 2007)

Figure 1. Function of saliva in relation to its constituents
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Saliva belongs to a large group of mucosal fluids that includes tear fluid, nasal, bronchial,
gastric and colonic mucous and sweat, and depending on the requirements of the particular
body site, the composition of each secretion is produced to be appropriate for its protective
and physiologic roles (Schenkels et al., 1995). Saliva is mainly water that contains a variety of
electrolytes, including sodium, potassium, calcium, magnesium, bicarbonate, and phosphates.
Saliva also contains proteins such as immunoglobulins, enzymes and mucins, and nitrogenous
products, such as urea and ammonia (Edgar, 1992; Humphrey and Williamson, 2001). These
components can interact in the following general areas: (1) bicarbonates, phosphates, and urea
act to modulate pH and the buffering capacity of saliva; (2) proteins and mucins aggregate,
and/or attach to oral microorganisms and contribute to dental plaque metabolism; (3) calcium,
phosphate, and proteins work together as an antisolubility factor and modulate
demineralization and remineralization; and (4) immunoglobulins, proteins, and enzymes
provide antimicrobial action (Humphrey and Williamson, 2001).
Salivary flow rate is dependent on many factors. An average resting salivary flow rate is
estimated to be 0.3 ml/min with a constant whole saliva volume in the oral cavity of 1 ml
(Dawes, 2004). The surface area of the oral cavity has been estimated to be 215 ± 13 cm2 and
assuming an even distribution throughout the mouth, a thin film of saliva, varying from 72 to
100 µm in thickness after and before swallowing, respectively, has been proposed (Dawes,
2004). The average daily production of whole saliva varies in healthy individuals between 1
and 1.5 l. The contributions of the different salivary glands during unstimulated flow are as
follows: 20% from parotid, 65% from submandibular, 7% to 8% from sublingual, and less
than 10% from the numerous minor glands. Stimulated high flow rates drastically change the
contributions from each gland, with the parotid contributing more than 50% of total salivary
secretions (Humphrey and Williamson, 2001).
A reduction in saliva leads to diminished protection of the oral cavity against injuries to both
hard and soft tissues, alters microbial flora to a more pathogenic type, results in a dry
ulcerated painful mucosa and affects the wearing of oral prostheses (Vissink et al., 2003a).
Therefore, without adequate salivary output, oral and pharyngeal health declines along with a
person's quality of life (Eisbruch et al., 2003a). Numerous studies have reported subjective
and objective functional losses that occur in people who lack the ability to produce adequate
volumes of saliva. The complaint of a dry mouth, difficulty with swallowing food, an
increased susceptibility to opportunistic infections and the objective finding of reduced saliva
volume are common occurrences in older individuals, producing either transient or permanent
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oral and systemic problems (Eisbruch et al., 2003a). Reduced saliva quality and volume,
however, are not only a consequence of growing older, and can be due to systemic diseases,
medications, and head and neck radiotherapy (Dodds et al., 2005).
Human salivary glands are composed of two main epithelial cell types, the acinar cells that
secrete the salivary fluid as well as most of the salivary proteins, and the ductal cells that
secrete some protein and modify the ionic composition of the saliva as they convey it to the
mouth (Edgar, 1992). Salivary fluid secretion is a two-stage process as first proposed by
Thaysen et al., (1954). Saliva is initially formed as a near isotonic plasma-like primary
secretion in the acinar lumen, then in the secondary stage, the salivary ducts modify this
primary fluid by removing sodium and chloride and adding potassium and bicarbonate to
produce a final hypotonic fluid that enters the mouth (Thaysen et al., 1954; Turner and
Sugiya, 2002).

1.7.1 Salivary fluid secretion
Salivary fluid secretion has been reported to occur as follows (Turner and Sugiya, 2002). The
salivary acinar cell contains four ion transporters, the Na+/K+ adenosine triphosphatase
(ATPase), a Na+-K+-2 Cl- cotransporter (also known as NKCCl) and a Ca2+ activated K+
channel, all located in the basolateral membrane, and a Ca2+ activated Cl- channel located in
the apical membrane (Figure 2). Fluid secretion occurs as a result of the actions of these four
transporters. In the resting (unstimulated) state the intracellular Ca2+ concentration is low and
the Ca2+-activated K+ and Cl- channels are closed. But when the cell is stimulated by
secretagogues (such as the muscarinic agonist acetylcholine) intracellular Ca2+ concentration
rises and the K+ and Cl- channels open. These Ca2+-associated changes in K+ and Clconductance allow these ions to flow out of the cell resulting in the accumulation of Cl- ions
and their associated negative electrical charge in the acinar lumen. Na+ is then thought to
follow Cl- by leaking from the interstitium through the tight junctions between the cells to
preserve electroneutrality, and the resulting osmotic NaCl gradient causes a transepithelial
movement of water from interstitium to lumen. In the continued presence of the secretagogue
a net transepithelial Cl- flux and a concomitant secretion of fluid is sustained as a result of Clentry via NKCCl and exit via the apical Cl- channel. When the stimulus is removed the
intracellular Ca2+ concentration falls to resting levels, the K+ and Cl- channels close, and the
cell returns to its resting state. Xerostomia and dry eyes that accompany the use of some
commonly prescribed medications, such as β-blockers may be related to interference with the
secretagogue-induced up regulation of NKCCl (Turner and Sugiya, 2002). A model for
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salivary fluid secretion based on active transepithelial Cl- transport and the osmotic coupling
of salt and water fluxes is shown in Figure 2.

Material(removed(for(copyright(reasons(
(from Turner and Sugiya, 2002)

Figure 2. Salivary fluid secretion

1.7.2 Salivary proteins
Saliva contains a wide variety of secreted proteins, including: α-amylase, an enzyme involved
in the digestion of starch; lysozyme, peroxidase, immunoglobulins (mainly IgA) and many
additional proteins that have antibacterial and/or antiviral properties; and mucins, which are
multifunctional glycoproteins involved in mechanical protection and prevention of
dehydration of the oral epithelia, as well as in lubrication for solid food and trapping of
microorganisms (Amerongen and Veerman, 2002; Teeuw et al., 2004). Some proteins, such
as histatins and acidic proline rich proteins are only found in saliva, whereas proteins such as
mucin, lysozyme and immunoglobulins are found in several different body fluids including
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saliva, tear fluid and nasal mucous (Schenkels et al., 1991). Salivary proteins are discussed in
more detail in the following section.
The acinar cells secrete most of the proteins in saliva. Salivary proteins exhibit vectorial
transport from the rough endoplasmic reticulum, where they are synthesized, through a
succession of membrane-bounded compartments including the Golgi complex, condensing
vacuoles, and secretory granules (Turner and Sugiya, 2002). The secretory granules migrate
to particular locations within the cell close to the apical membrane prior to the release of their
contents by exocytosis into the acinar lumen. In the three major salivary glands, the parotid
gland, and the submandibular and sublingual glands (SMSL), exocytotic protein secretion is
primarily controlled by the autonomic nervous system; sympathetic stimulation results in
protein release from the parotid and submandibular gland acini, and parasympathetic
stimulation causes protein release from sublingual gland acini as well as some release from
parotid acini (Turner and Sugiya, 2002). The approximate concentrations of salivary proteins
and glycoproteins in different types of saliva are shown in Table 2.

Table 2. Concentrations of proteins and glycoproteins in saliva

Material(removed(for(copyright(reasons(
(from Huq et al., 2007)
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1.7.3 Saliva composition
Saliva is able to carry out many functions because of its complex composition. There are
several families of salivary molecules, each with multiple members and the majority, if not all
of the saliva molecules are multifunctional (Levine, 1993; Dodds et al., 2005). Many
molecules have the same functions, for example, both mucins and amylase interact with
viridans streptococci (Soares et al., 2004). It has also been recognized that a particular
salivary component may be protective or harmful depending on its site of action in the mouth
(Amerongen and Veerman, 2002). For example, amylase interacting with viridans
streptococci to facilitate their clearance from the mouth can be protective. However, amylase
adsorbed to the tooth surface can promote adhesion of the same bacteria and also digest
dietary starch to maltose, which viridans streptococci can metabolise to acid resulting in
demineralization of tooth enamel.
1.7.3.1 Salivary proteins and glycoproteins
The protein composition of whole saliva is highly susceptible to a variety of physiological
and biochemical processes. In addition to salivary protein secretion being under neurologic
control, with protein output being dependent on the stimulus, the salivary proteins undergo
extensive modifications in the oral environment, where a number of host- and bacteriaderived enzymes act on proteins emanating from the glandular ducts (Helmerhorst and
Oppenheim, 2007). Salivary protein biosynthesis starts with the transcription and translation
of salivary protein genes in the glands, followed by post-translational processing involving
protein glycosylation, phosphorylation, and proteolysis. Once glandular secretions enter the
non-sterile oral environment, proteins are subjected to additional and continuous protein
modifications, leading to extensive proteolytic cleavage, partial deglycosylation, and proteinprotein complex formation. These protein modifications occur in a dynamic environment
dictated by the continuous supply of newly synthesized proteins and removal by swallowing
(Helmerhorst and Oppenheim, 2007).
The protein composition of saliva from individual salivary glands has been investigated (Walz
et al., 2006). The main salivary proteins found in whole saliva are the mucins, IgA, amylase,
cystatin, albumin and proline-rich proteins (PRPs) derived from the parotid and SMSL
glands. Investigations of the individual glandular secretions have shown that acidic PRPs are
found equally in parotid and SMSL secretions, whereas basic PRPs are derived from the
parotid gland (Walz et al., 2006). Salivary mucin MUC7, histatin and cystatins were
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identified in the SMSL secretions (Walz et al., 2006). Histatins, statherins, and defensins,
have also been found in whole and parotid saliva (Huq et al., 2007).
1.7.3.1.1 Mucins
Approximately 16% of the protein in whole saliva belongs to the glycoprotein mucin family
(Rayment et al., 2000). Two structurally and functionally distinct types of mucins have been
identified in saliva. These are the high molecular weight MG1 (>1 MDa), an oligomeric
mucin produced by mucous cells, and the low molecular weight MG2 (200– 250 kDa), a
monomeric mucin. MG1 is slightly more abundant than MG2 (Rayment et al., 2000). Mucins
consist of 70–80% carbohydrate and their main function is lubrication, hydration and
protection of the oral cavity. By lubricating, they act as a barrier to potential irritants, such as
toxins and bacterial proteases (Jenkinson and Lamont, 2005). Other roles of mucins include
aiding in mastication, speech and swallowing and agglutinating microbes (Zalewska et al.,
2000).
1.7.3.1.2 Salivary IgA
The dimeric sIgA is the most abundant immunoglobulin in saliva and its formation is the
main adaptive immune mechanism in the oral cavity (see review by Huq et al., 2007). It is
secreted by both parotid (20–230 µg/ml) and SMSL (41–56 µg/ml) glands. The regulation of
synthesis and secretion of sIgA is dependent on antigenic stimulation, and is also affected by
neuroendocrine control (Teeuw et al., 2004). Thus, alterations in neuroendocrine functioning
(such as induced by stress, exercise, pregnancy, menstrual cycle and pharmacological
interventions) may affect salivary IgA levels.
1.7.3.1.3 Amylase
Salivary amylase, a 60-kDa enzyme that catalyses the hydrolysis of glycosidic bonds in
dietary starch, is the most abundant protein in parotid saliva (650-2600 µg/ml) (Huq et al.,
2007).
1.7.3.1.4 Cystatin
Salivary cystatins are secreted by both parotid (1.6–1.2 µg/ml) and SMSL glands (92–130
µg/ml). Cystatins are natural inhibitors of cysteine proteinases and may protect the oral
tissues against degradation by these enzymes (Huq et al., 2007).
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1.7.3.1.5 Proline-rich proteins (PRP)
The proline-rich protein (PRP) family constitutes about two-thirds of the total protein in
human parotid (230–1,251 µg/ml) and submandibular (270–1,335 µg/ml) saliva (Beeley,
2001; Huq et al., 2007). Overall, salivary PRPs are classified as acidic (a-PRPs), basic (bPRPs) or basic glycosylated (g-PRPs) proline-rich proteins. Acidic PRPs contribute to
calcium homeostasis in the oral cavity and glycosylated PRPs act as lubricants (Huq et al.,
2007). The role of basic PRPs is not well understood although it has been proposed that one
of their functions is to bind tannins, preventing their toxic effects in the gastro-intestinal tract
(Bennick, 2002). More than 11 human basic-PRP and more than five acidic PRP isoforms
have been identified (Messana et al., 2004). Multiple PRPs originate from the same gene
through allelic variations, differential splicing, and post-translational cleavage of larger
precursors (Inzitari et al., 2005).
1.7.3.1.6 Lactoferrin
Lactoferrin is a multifunctional glycoprotein with anti-bacterial, anti-viral and anti-tumour
activities. Lactoferrin binds iron and its antimicrobial function relates to its ability to
sequester iron. Lactoferrin is also involved with regulation of cell growth and differentiation,
anti-inflammatory activities and modulation of the immune response. Other reported activities
include proteolytic activity, inhibition of bacterial biofilm formation, and promotion of bone
growth (Baker, 2005).
1.7.3.1.7 Defensins
Defensins are found in plasma, wound and blister fluid, bone marrow, the intestines and skin
and have been identified in human saliva (Goebel et al., 2000). Defensins are antimicrobial
peptides that also function as regulators of cell volume, chemotaxis, and inhibitors of natural
killer cell activity.
1.7.3.1.8 Histatins
Histatins are small, histidine-rich proteins secreted by the parotid and submandibular glands
and are reported to exhibit antifungal activity (Edgerton and Koshlukova, 2000; Helmerhorst
et al., 2001; Jang et al., 2010). The histatin concentration in parotid and SMSL gland
secretions is known to range between 30 and 70 µg/ml (Johnson et al., 2000; Huq et al.,
2007), while in whole saliva may only be 2–30 µg/ml (Helmerhorst et al., 2006; Huq et al.,
2007).
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1.7.3.1.9 Statherin
Statherin, secreted from the parotid gland (16–147 µg/ml) is the only salivary protein able to
inhibit the spontaneous (primary) precipitation of calcium phosphates from supersaturated
saliva and also calcium phosphate crystal growth (secondary precipitation) (Hay et al., 1984).
Statherin also lubricates the tooth surface and is recognised by specific oral bacteria that
preferentially adhere to immobilised statherin on hydroxyapatite surfaces rather than to the
free protein in solution (Goobes et al., 2006).
1.7.3.1.10 Lysozyme
Lysozyme is secreted by the parotid (~ 7µg/ml) and the SMSL glands (~ 21µg/ml) and is a
basic 140 kDa protein that hydrolyses the peptidoglycan of bacterial cell walls causing them
to lyse (Huq et al., 2007).
1.7.3.1.11 Peroxidase
Salivary peroxidase has a direct toxic action on a variety of microorganisms by catalysing the
oxidation of the thiocyanate anion, SCN– with H2O2, generating highly reactive oxidised
forms of thiocyanate that have a direct toxic action on a variety of microbes (Huq et al.,
2007).
1.7.3.2 Identification of salivary proteins and peptides
The study of the salivary proteome is a challenge because the relative composition of salivary
proteins is constantly changing and varies from person to person. Salivary flow and
composition are affected by circadian variations and may also be affected by stress, infection,
inflammation and hormonal changes (Humphrey and Williamson, 2001).
Detection and identification of salivary proteins and peptides has been achieved using a
variety of techniques. Liquid chromatography-based separation combined with mass
spectrometry has been used extensively (Huang, 2004; Vitorino et al., 2004; Hu et al., 2005).
One-dimensional polyacrylamide gel electrophoresis (1D-PAGE) and immunoblotting
techniques have been used to compare protein profiles of individuals (Huq et al., 2007). Twodimensional PAGE coupled with mass spectrometry has been used widely to identify salivary
proteins (Ghafouri et al., 2003; Vitorino et al., 2004; Hu et al., 2005; Xie et al., 2005; Guo et
al., 2006). Salivary glycoproteins have also been identified using lectin-binding assays on
PAGE gels, coupled with mass spectrometry (Ramachandran et al., 2006). Current proteomic
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approaches with improved analytical sensitivities have reported the detection of over 1,381
proteins in saliva (Huq et al., 2007).
1.7.3.3 The salivary complexome
Many salivary proteins form heterotypic complexes and these have been recently classified
based on the observed hierarchy of protein–protein interactions (Soares et al., 2004;
Helmerhorst and Oppenheim, 2007; Oppenheim et al., 2007). In order of increasing
complexity, Type 3 are small soluble heterodimeric complexes such as lactoferrin-MG2. Type
2 are large soluble multicomponent complexes, for example MG1–amylase–PRP–histatin–
statherin and Type 1 are particulate multicomponent complexes, such as salivary micelles of
sizes up to 400 nm incorporating sIgA, MG2, lactoferrin, glycosylated PRP and lysozyme
(Soares et al., 2004).
The role of the salivary complexome is not fully understood (Helmerhorst and Oppenheim,
2007; Oppenheim et al., 2007). Complex formation between proteins and peptides can
provide protection against proteolysis and enable modulation of biological activity (Soares et
al., 2004). Salivary proteins and peptides also interact with oral microorganisms and the
pattern of protein–microbe interaction can alter if the salivary protein is involved in a
complex. For example, it has been reported that an MG2–sIgA complex bound to
Pseudomonas aeruginosa and Staphylococcus aureus, but purified MG2 did not associate
with either species (Biesbrock et al., 1991b). Salivary protein–microbe interactions in vitro
include aggregation, adherence, cell killing and inhibition of metabolism of the bacteria (Huq
et al., 2007).
In dentistry, the acquired enamel pellicle is a thin film consisting mainly of salivary proteins
selectively adsorbed to the surface of the enamel. The pellicle protects the enamel from
dissolution and is also a surface to which microorganisms can adhere. This binding of
microorganisms is mediated by specific interactions between microbial receptors and the
proteins of the salivary pellicle (Jenkinson and Lamont, 2005). It is recognised that oral
microflora exist as polymicrobial biofilms on the saliva-bathed surfaces of teeth, gingiva, and
tongue and that the development of these biofilms is modulated by salivary components
(Gibbons, 1989; Jenkinson and Lamont, 2005).
There is conflicting information in the literature regarding the effect of salivary gland
irradiation on salivary protein concentration and composition. Some reports have shown that
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protein concentration increases (Makkonen et al., 1986) and that levels of IgA, α-amylase,
lysozyme, lactoperoxidase and acidic PRPs alter (Hannig et al., 2006) and others report they
remain unchanged (Edgar et al., 1982). If salivary protein concentration and/or composition
alters in irradiated patients, this may alter microbial biofilms in the affected areas with
associated loss of biological activity for maintaining oral health.
1.7.3.4 The role of salivary proteins on microbial adhesion
The role of human saliva in the microbial adhesion process is yet to be fully defined (PereiraCenci et al., 2008). Saliva has innate defense molecules, including lysozyme, histatin,
lactoferrin and calprotectin that interact with bacteria and Candida species, thereby
decreasing their adhesion to and colonisation of oral surfaces and saliva flow has a physical
cleaning effect (Pereira-Cenci et al., 2008). Other components in whole saliva, including
mucins, statherin and PRPs have been reported to adsorb to C. albicans, thereby facilitating
adhesion to saliva-coated acrylic resins. However, studies regarding the influence of whole
saliva on Candida adhesion are contradictory and there is no consensus in the literature
(Pereira-Cenci et al., 2008). Some studies have reported that a saliva coating reduces the
adhesion of C. albicans to acrylic resin (Maza et al., 2002; Moura et al., 2006; Pereira-Cenci
et al., 2007), whereas others have shown it increases adhesion rates (Edgerton et al., 1993;
Nikawa et al., 1993; Cannon et al., 1995; Millsap et al., 1999), and in one case there was no
effect (Jin et al., 2004). This might be due to the use of stimulated versus unstimulated saliva,
resulting in different protein composition and viscosity, different incubation periods, use of
filtered or whole saliva, different saliva temperatures when performing the study, and the
presence or absence of nutrients may have altered cell viability and adhesion capacity
(Pereira-Cenci et al., 2008). Inter-individual variations in the composition of saliva will also
affect microbial adhesion.
In the oral cavity, a denture is coated with a salivary pellicle, which provides receptor sites for
the adherence of microorganism (Cannon et al., 1995), and factors such as surface roughness
and surface free energy are confounding factors in the pellicle and biofilm formation (An and
Friedman, 1998; Cannon and Chaffin, 1999; Nel et al., 2009; Busscher et al., 2010). Studies
investigating the effect of saliva on the adhesion of Candida species, other than C. albicans,
to acrylic resins have found similar variable adherence levels (Cannon and Chaffin, 1999;
Moura et al., 2006; Pereira-Cenci et al., 2007). The relationship between saliva and Candida
adhesion is also contradictory. In general, low molecular weight proteins appear to assist the
adhesion of Candida (Busscher et al., 1997) and patients with low or impaired salivary flow
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and/or composition tend to present with higher Candida counts compared to patients with
normal salivary flow (Tanida et al., 2001; Dodds et al., 2005).

1.8 Biofilms – introduction
Biofilms can kill (Bryers, 2008). They cause a significant number of human microbial
infections with hospital acquired (nosocomial) infections being a leading cause of death in the
United States. Nosocomial infections contribute to 60–70% of implanted medical device
infections, and it is estimated that over 5 million medical devices or implants are used per
annum in the U.S. alone (Wenzel, 2007). Microbial infections have been associated with
most, if not all such devices, including: prosthetic heart valves, orthopedic implants,
intravascular catheters, artificial hearts, left ventricular assist devices, cardiac pacemakers,
vascular prostheses, cerebrospinal fluid shunts, urinary catheters, ocular, voice and oral
prostheses, contact lenses, and intrauterine contraceptive devices (Donlan, 2002; Lynch and
Robertson, 2008). Worldwide production of biomedical devices and tissue engineeringrelated materials is a $180 billion per year industry and expanding (Bryers, 2008). Regardless
of the sophistication of the biomedical implant (catheters versus a three-dimensional stem
cell-containing polymer scaffold), all medical devices or tissue engineering constructs are
susceptible to microbial colonisation and infection (Donlan, 2002; Donlan and Costerton,
2002).
Biofilms are an accumulated biomass of microorganisms and extracellular materials on a solid
surface (Hall-Stoodley et al., 2004). Upon adhesion to a surface, replicating adherent bacteria
secrete mostly insoluble gelatinous exopolymers, forming a three-dimensional matrix known
as a biofilm (Hall-Stoodley et al., 2004; Bryers, 2008). From a medical perspective, both
commensal and pathogenic microorganisms form biofilm-like conglomerates that can be
associated with an epithelial or endothelial lining, may be embedded in the lung, intestinal or
vaginal mucus layer, or attached to the teeth or medical implant surfaces (Hall-Stoodley and
Stoodley, 2009; Kaplan, 2010). Biofilm formation and persistence has implications for the
patient, because microorganisms growing as biofilms are less susceptible to topical agents,
antibiotics and host defenses than are planktonic forms of the same microorganisms (Bryers,
2008). Many biofilm infections are difficult to resolve and they commonly manifest as
chronic or recurrent infections. Biofilm infections present a number of clinical challenges,
including diseases involving uncultivable species, chronic inflammation, impaired wound
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healing, rapidly acquired antibiotic resistance, and the spread of infectious emboli (Lynch and
Robertson, 2008; Hall-Stoodley and Stoodley, 2009).
Antimicrobial resistance in bacteria is a major worldwide health care issue (Wenzel, 2007;
Septimus and Kuper, 2009). The increase in bacteria that are resistant to frequently used antiinfective agents is well known, but this resistance is occurring more commonly outside the
hospital areas (Septimus and Kuper, 2009).

1.8.1 Definitions
1.8.1.1 Adhesion, adherence, and attachment
Adhesion is a situation where microorganisms adhere firmly to a surface by a
physicochemical interaction between them, including an initial phase of reversible physical
contact and a time-dependent phase of irreversible chemical and cellular adhesion (An and
Friedman, 1998). Energy is required for the formation of an adhesive junction between the
microorganisms and surfaces (Millsap et al., 2001). Adherence is a more general term for
bacterial adhesion (the initial process of attachment of bacteria directly to a surface) (An and
Friedman, 1998). Attachment can be defined as the initial stage of bacterial adhesion,
referring more to physical contact than complicated chemical and cellular interactions, and is
usually reversible (An and Friedman, 1998).
1.8.1.2 Hydrophobicity and hydrophilicity
The structure of water molecules near any surface is perturbed over very small distances.
Near a hydrophobic surface the intermolecular hydrogen bonding between water molecules is
not well structured compared with water near a hydrophilic surface where hydrogen bonding
between water molecules is well structured (An and Friedman, 1998). Hydrophobicity and
hydrophilicity are relative descriptions. Water contact angle (WCA) is a good indication of
the hydrophobic or hydrophilic nature of a surface. A high WCA represents a hydrophobic
surface and a low WCA represents a hydrophilic surface (Boks et al., 2008). Microorganisms
can adhere to hydrophobic and hydrophilic surfaces, but relatively little biofilm accumulates
on hydrophobic surfaces (Busscher et al., 2010).
1.8.1.3 Substrate and substratum
The substrate is a material utilized by microorganisms as a source of energy; substratum is a
solid surface to which a microorganism may adhere (An and Friedman, 1998).
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1.8.1.4 Adhesin and receptor
An adhesin is usually a macromolecule such as a lectin or lectin-like protein or carbohydrate,
produced by microorganisms, that is involved in specific adhesive interactions. Anything
responsible for adhesion is called an adhesin (An and Friedman, 1998). Microorganisms may
have multiple adhesins for different surfaces involving different receptors. A receptor is a
component on the surface of biomaterials or host tissues that is bound by the active site of an
adhesin during the process of adhesion.
1.8.1.5 Adsorption and deposition
Adsorption is the accumulation of molecules onto a solid surface at a concentration exceeding
that in the bulk fluid. Deposition describes the accumulation of particles at a fluid interface
that is brought about by the application of an external force (An and Friedman, 1998).
1.8.1.6 Ligand
A ligand is a molecule that can reversibly bind by intermolecular forces, such as ionic and/or
hydrogen bonds and van der Waals forces to a site on a target protein (Ibanez, 2010).

1.8.2 Biofilm formation
Biofilm formation comprises a number of physical, biological, and chemical processes, with
the relative contribution of each changing throughout biofilm development and depending on
the prevailing environmental and hydrodynamic conditions (Bryers, 2008).

A

microorganisms ability to adhere to a surface and form surface-attached microbial
communities, or a biofilm, involves a number of stages that can be divided into a number of
sequential steps as shown in Figure 3 (from Bryers, 2008). The steps are: adhesion of
microorganisms to a surface; initial colony organization; secretion of extracellular
polysaccharide with development into a matrix structure; and dissemination of progeny
biofilm cells (da Silva et al., 2010). Microbial adhesion to non-shedding surfaces occurs on
substratum in the oral cavity, on biomaterials implanted into the human body, on catheter
surfaces, as well as other surfaces such as in water pipes, and on ship hulls (Denef et al.,
2010; Filoche et al., 2010). The body typically reacts to materials such as biomedical devices
by coating them with a film consisting of proteins and glycoproteins, such as fibronectin,
vitronectin, fibrinogen, albumin, and immunoglobulins, many of which act as ligands to
receptors on colonising bacteria (Hannig and Hannig, 2009). Regardless of the material, the
substratum surface chemistry is instantly altered by macromolecule adsorption (Hall-Stoodley
and Stoodley, 2009). Biofilm formation continues with the transport of cells to the
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substratum:liquid interface, which is governed by transport mechanisms such as diffusion,
convection, sedimentation, and motility (Bryers, 2008). In the oro-pharynx, a dynamic
equilibrium exists between the adhesive capacity of microorganisms and a variety of removal
forces such as: swallowing, frictional removal by food and tongue, oral hygiene, and the
washing effect of salivary and crevicular flow (Teughels et al., 2006; Hannig and Hannig,
2009). Most microorganisms can only survive in the oro-pharynx when they firmly adhere to
a non-shedding surface. These microorganisms represent only a portion of the over 600
different microbial species that are able to adhere primarily to hard or soft tissues (Dewhirst et
al., 2010). The other microorganisms attach to these primary colonisers. Cell-cell binding
between microorganisms is thought to be important in integrating secondary colonisers into
oral biofilms, and building a network of interacting microbial cells (Kolenbrander et al.,
2010). The maturation process depends on the biological properties of the microorganisms in
the particular local environment, generating a succession of species from early colonisers,
primarily aerobes and Gram-positive facultative species, to climax populations with increased
numbers of anaerobic and Gram-negative species (Filoche et al., 2010; Kolenbrander et al.,
2010; Nobbs et al., 2011).
The complexity of the oral flora with more than 600 microbial species, together with the
presence of a pellicle, a dynamic variety in the availability of nutrients, temperature, and
humidity, and the large variety of shear forces, renders a simple explanation of the adhesion
processes in biofilm formation nearly impossible (Teughels et al., 2006; Filoche et al., 2010).
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(from Bryers, 2008).

Figure 3. Processes governing biofilm formation

Microorganisms prefer to grow on surfaces rather than in the surrounding aqueous phase (An
and Friedman, 1998). Initially, planktonic bacteria move to, or are moved to, a material
surface through, and by the effects of, physical forces such as Brownian motion, van der
Waals attraction forces, gravitational forces, the effect of surface electrostatic charge, and
hydrophobic interactions (An and Friedman, 1998; Boks et al., 2008). These physical
interactions are further classified as long-range interactions and short-range interactions (Neu
and Marshall, 1990). The long-range interactions between cells and material surfaces are nonspecific and occur over distances > 150 nm. Short-range interactions become effective when
the cell and the surface come into close contact (< 1 nm), and can be separated into chemical
bonds (such as hydrogen bonding), ionic and dipole interactions, and hydrophobic
interactions (Neu and Marshall, 1990). Bacteria are transported to the surface by the longrange interactions and upon closer contact, short-range interactions become more important.
This first attachment of bacteria to material surfaces is the initial phase of adhesion by nonspecific and/or specific receptor:ligand adhesion mechanisms (Busscher et al., 1992a). Within
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minutes of attachment, adherent cells up-regulate the secretion of certain cell signal molecules
that result in community-wide microbial phenotypic responses including the up-regulation of
virulence factors and secretion of extracellular polymers, a process termed quorum sensing
(Camilli and Bassler, 2006; Horswill et al., 2007; Bryers, 2008; Dickschat, 2010).
The second phase of biofilm development involves the multiplication of bacteria on the
surface and the concomitant synthesis of an extracellular polymeric matrix (Bryers, 2008).
The matrix holds the bacterial cells together in a mass and firmly attaches them to the
underlying surface. Matrix components include glucan polysaccharides, proteinaceous
fimbriae and extracellular double-stranded DNA. They provide a structural ‘scaffold’ for the
biofilm colony and cause biofilm-mediated antimicrobial resistance, either by acting as a
diffusion barrier, or by binding antimicrobial agents directly and preventing their access to the
biofilm cells (Mah and O'Toole, 2001). Continued growth of bacterial cells on a surface leads
to microcolonies and the development of mature biofilms containing millions of tightly
packed cells gathered into masses that project outward into the surrounding medium for up to
hundreds of microns (Hall-Stoodley et al., 2004). These structures are interspersed with fluidfilled channels that act as a primitive circulatory system, allowing for the exchange of
nutrients and waste products with the bulk fluid phase (Jakubovics, 2010). Biofilms continue
to mature by consuming soluble nutrients and recruiting other bacterial species or cells and
can detach and be carried downstream (Kaplan, 2010). Thus, mature biofilms are complex,
highly differentiated structures. Numerous microenvironments that differ with respect to pH,
oxygen concentration, nutrient availability, and cell density exist within the biofilm
community (Hall-Stoodley and Stoodley, 2009). This results in a great deal of heterogeneity
in metabolic and reproductive activity among cells located in different parts of the colony.
Metabolically inactive cells located in the interior of the colony may be resistant to the actions
of antimicrobial agents that target actively growing cells (Fux et al., 2005).
The final stage of biofilm development is the detachment of cells from the biofilm colony and
their dispersal into the environment (Karatan and Watnick, 2009; Kaplan, 2010). This is an
essential stage of the biofilm life cycle that contributes to biological dispersal, bacterial
survival, and disease transmission. Like other stages of biofilm development, dispersal can be
a complex process that involves numerous environmental signals, signal transduction
pathways, and effectors (Karatan and Watnick, 2009). Bacterial biofilm dispersal can be
divided into three distinct phases: (i) detachment of cells from the biofilm colony; (ii)
translocation of the cells to a new location; and (iii) attachment of the cells to a substratum in
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the new location. At least three distinct modes of biofilm dispersal have been identified:
erosion, sloughing, and seeding; no single mechanism of biofilm dispersal is utilized by all
bacteria (Kaplan, 2010). Erosion refers to the continuous release of single cells or small
clusters of cells from a biofilm at low levels over the course of biofilm formation. Sloughing
refers to the sudden detachment of large portions of the biofilm, usually during the later stages
of biofilm formation (Kaplan, 2010). Seeding dispersal, also known as central hollowing,
refers to the rapid release of a large number of single cells or small clusters of cells from
hollow cavities that form inside the biofilm colony (Boles et al., 2005; Karatan and Watnick,
2009). Dispersal is the least understood stage of the biofilm life cycle, with most studies
performed in vitro with monospecies biofilms, but understanding the mechanism of biofilm
dispersal may lead to the development of clinically useful agents that inhibit biofilm
formation or promote biofilm detachment (Kaplan, 2010).

1.8.3 Immune evasion by bacteria
The primary defense against infection is the immunity provided by neutrophils, macrophages,
and dendritic cells. However, microorganisms have evolved a multitude of ways to avoid
detection by the immune system that allows microbial survival and facilitates biofilm
formation. For example, Staphylococcus aureus has the ability to avoid the immune system
by inhibiting chemotaxis and thwarting phagocytosis and S. epidermidis uses adhesion and
biofilm formation to avoid the immune system (Bryers, 2008). Other Gram-positive bacteria
can sense antimicrobial peptides released by neutrophils and macrophages and can coordinate a directed defensive response or can evade complement (Bryers, 2008; Hall-Stoodley
and Stoodley, 2009). Gram-negative bacteria have evolved secretory proteins that can degrade
their binding components, or that prove antichemotactic or toxic to immune cells (Bryers,
2008; Hall-Stoodley and Stoodley, 2009). Pseudomonas aeruginosa can, for example,
produce an exopolysaccharide alginate matrix that protects biofilm bacteria from IFN-γmediated leukocyte killing (Ma et al., 2009).

1.8.4 Controlling biofilms
Over the past 25 years, the biomaterials community has attempted to produce devices or
implants to reduce or eliminate biofilms by (i) mechanical design alternatives (liquid:air
breaks, skin cuffs or antibiotic fills); (ii) tethered anti-infective agents, bound directly to the
surface of the material (silver coatings, tethered quaternary ammonium, synthetic antibiotics),
or (iii) the release of soluble toxic agents (chlorhexidine, antibiotics) into the adjacent
surroundings (Hoffman et al., 2005; Bryers, 2008). Mechanical design alternatives have had
!

40

minimal success and are only useful for short-term indwelling catheters. Tethered antiinfective agents are only toxic to the initial wave of incoming bacteria and provide little
residual effects once layers of dead cells accumulate. Regardless of whether the drug release
method used is passive, sustained or responsive, release of a toxic agent from a biomaterial
will stop once the agent is depleted (Hoffman et al., 2005). Complicating this is the discovery
that release of sub-lethal dosages of antibiotics can lead to accelerated biofilm formation and
induce virulence factor expression (Hoffman et al., 2005).
Traditional treatment of microbial infections is based on compounds that kill or inhibit growth
of the microbe with a risk that if this is not successful, resistance to antibiotics could develop
(Geddes, 2000). A possible way of overcoming antibiotic resistance is the development of
substances that specifically inhibit bacterial virulence (Levy and Marshall, 2004).
Antipathogenic drugs do not kill bacteria or stop their growth and are therefore assumed not
to lead to the development of resistant strains. Antibiofilm agents that could be released from
a biomedical device coating or implant include (i) disruption of bacterial iron uptake, (ii)
enhanced macrophage phagocytosis, and/or (iii) self-vaccinating biomaterials (Bryers, 2008).

1.8.5 Antimicrobial resistance of biofilms
When bacteria grow in a biofilm they may be 10–1000 times more resistant to antibiotics than
are planktonic cells (Donlan and Costerton, 2002). Similar resistance of Candida biofilms to
antifungal agents was first demonstrated in 1995 (Hawser and Douglas, 1995). The
mechanisms of biofilm resistance to antimicrobial agents are not fully understood, although
numerous mechanisms of drug resistance have been proposed (Douglas, 2003; Levy and
Marshall, 2004; Mukherjee and Chandra, 2004; Fux et al., 2005; Seneviratne et al., 2008b;
Niimi et al., 2010). The main types of resistance and tolerance are: (1) restricted penetration
of drugs through the biofilm matrix (Mah and O'Toole, 2001; Seneviratne et al., 2008a); (2)
phenotypic changes resulting from a decreased growth rate or nutrient limitation (Mah and
O'Toole, 2001; Donlan and Costerton, 2002); (3) expression of resistance genes induced by
contact with a surface (Maira-Litran et al., 2000; Ramage et al., 2002); (4) target modification
by mutation (Levy and Marshall, 2004; Lewis, 2007); (5) target modification by specialized
enzymatic changes (Levy and Marshall, 2004; Lewis, 2007); (6) target substitution, such as
expressing an alternative target (Levy and Marshall, 2004; Lewis, 2007); (7) antibiotic
modification or destruction (Bryers, 2008); (8) expression of drug efflux pumps during the
early phase of biofilm formation (Fux et al., 2005; Niimi et al., 2010); and (9) alterations in
membrane sterol composition (Levy and Marshall, 2004; Mukherjee and Chandra, 2004;
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Lewis, 2007). Another suggestion is that a small number of ‘persister’ cells are responsible
for resistance (del Pozo and Patel, 2007; Lewis, 2007). Persisters were first described by
Bigger in 1944 after he discovered that penicillin lysed a growing population of
Staphylococcus spp., but that a small number of persister cells, which were not simply
antibiotic-resistant mutants, survived and proposed that these persister cells were dormant,
non-dividing cells (Bigger, 1944; del Pozo and Patel, 2007; Lewis, 2007). Biofilms are also
inherently protected from host defenses because antibodies fail to penetrate biofilms due to
matrix binding, and secreted catalase protects aggregated microorganisms by preventing full
penetration of hydrogen peroxide into the biofilm (Fux et al., 2005). However, the antibiotic
tolerance of biofilm cells is moderated by starvation and high cell density that results in
accumulation of metabolic waste products (Thorne and Williams, 1999; Fux et al., 2004).

1.8.6 Proteins and biofilms
Although exopolysaccharides are important and often essential components of the biofilm
matrix, recent evidence suggests that a group of surface proteins, the biofilm-associated
proteins (Bap), are important during the development of microbial communities. Bap was first
described in a Staphylococcus aureus bovine mastitis isolate, however genes encoding this
protein have also been detected in isolates of several coagulase-negative staphylococcal
species including S. epidermidis (Latasa et al., 2006). Through the process of attempting to
identify factors involved in biofilm development, it has been found that unrelated bacteria
produce: (i) the same exopolysaccharides (cellulose, poly-β-1,6-N-acetylglucosamine) to
build the biofilm matrix, (ii) the same secondary messenger, cyclic diguanylate (or c-diGMP), to regulate the production of biofilm matrix exopolysacharides, and (iii) a group of
surface proteins that exhibit homology with Bap to promote adhesion to abiotic and/or biotic
surfaces (Latasa et al., 2006). These surface proteins have been found to contribute to a range
of functions including primary attachment and biofilm formation (Bap - Staphylococcus
aureus and Esp - Enterococcus faecalis), biofilm formation and host colonisation (BapA Salmonella enteritidis), adhesion (YeeJ - Escherichia coli) and biofilm maturation (VP1443 Vibrio parahaemolyticus) (Latasa et al., 2006). The mechanism of action of these proteins
remains unclear, and researchers have not determined whether they promote biofilm
formation through interaction with the compounds of the matrix or through a homophilic
interaction between two proteins.
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1.9 Composition of the oral flora
In the oro-pharyngeal areas, an equilibrium exists between the adhesion ability of
microorganisms and the various removal forces, and most microorganisms can only survive in
the oro-pharynx when they firmly adhere to a non-shedding surface. There are more than 6
billion bacteria in the mouth, representing the more than 600 species that inhabit the oral
cavity, many of which have not yet been cultivated (Paster et al., 2001; Marsh, 2004; Aas et
al., 2005; Jenkinson and Lamont, 2005; Kumar et al., 2005; Dewhirst et al., 2010;
Parahitiyawa et al., 2010; Jenkinson, 2011). There are many other types of microorganisms in
the mouth, living in an environment with a variable availability of nutrients, temperature,
humidity, and shear forces (Teughels et al., 2006). The predominant bacterial flora of humans
are shown in Table 3.

Table 3. Predominant bacterial flora in humans

Material(removed(for(copyright(reasons(
(from Todar, 2011)
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A number of factors can influence and/or alter the oral microflora. Saliva, for example,
contains many components (as previously discussed), that interact with microorganisms and
can influence the composition of the oral microflora. Radiotherapy to the oro-facial area can
lead to significant changes in the balance of the oral flora that predispose to oral infections
including dental caries when the field of radiation (or clinical target volume) includes
substantial portions of major salivary glands. Numerous studies have documented pronounced
population shifts in the oral flora upon radiation treatment (Llory et al., 1971; Brown et al.,
1975; Keene et al., 1981; Keene and Fleming, 1987; Epstein et al., 1991; Vissink et al.,
2003a; Dahlen et al., 2009). Among aerobic organisms, significant increases occur in the
relative number of Streptococcus mutans, and Lactobacillus at the expense of Streptococcus
sanguis, Neissieria, and Fusobacterium. Among anaerobic organisms, increases have been
noted in Actinomyces populations. These changes in the oral flora are long lasting and
considered to be secondary to radiation-induced xerostomia rather than from the more direct
effects of the radiation (Dirix et al., 2006). In patients who have had substantial areas of
salivary gland tissue spared from radiotherapy, little or no floral changes are noted (Vissink et
al., 2003a; Dahlen et al., 2009).
Staphylococci especially S. epidermidis and S. aureus (Mack et al., 2007; Bryers, 2008) and
Candida species, particularly C. albicans (Seneviratne et al., 2008a; Thein et al., 2009) are
associated with the majority of medical device infections. Fungal implant infections, while
less common than bacterial infections, tend to be more serious (Thein et al., 2009).

1.9.1 Staphylococcus epidermidis
Staphylococci are common bacterial colonisers of the skin and mucous membranes, and S.
epidermidis is the most frequently isolated species from human epithelia; it predominantly
colonises the axillae, head and nares. The S. epidermidis genome shows that the species is
well equipped with genes that provide protection from the harsh conditions encountered in its
natural habitat, such as extremes of salt concentration and osmotic pressure (Otto, 2009). S.
epidermidis is classified as a coagulase-negative staphylococcus because it lacks the enzyme
coagulase, compared with coagulase-positive staphylococci, such as S. aureus.
Previously regarded as an innocuous commensal microorganism on the human skin with a
benign relationship with its host, S. epidermidis is now considered an important opportunistic
pathogen. S. aureus and S. epidermidis are the most common causative agents of nosocomial
infections (Otto, 2009). In particular, S. epidermidis is the most common source of infection
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on indwelling medical devices. S. epidermidis has also evolved into one of the leading causes
of nosocomial sepsis so that this opportunistic pathogen is now the most common organism
isolated from nosocomial infections (Bryers, 2008). This is probably because S. epidermidis is
a permanent coloniser of human skin, so there is a high probability of contamination of
devices such as peripheral or central intravenous catheters during insertion that can result in
bloodstream infections (Wenzel, 2007). S. epidermidis can also be involved in prosthetic
joint, vascular graft, surgical site, central nervous system shunt and cardiac device infections.
Although S. epidermidis infections rarely develop into life-threatening diseases, their
frequency, and the fact that they are extremely difficult to treat is a problem for the health
care system (Wenzel, 2007). Treatment is complicated by the presence of antibiotic resistance
genes and the formation of biofilms with intrinsic resistance to antibiotics and host defense
mechanisms. The low virulence of S. epidermidis suggests that this microorganism is
equipped with determinants that promote persistence, such as immune evasion molecules,
rather than with those that aggressively attack the host, such as toxins (Massey et al., 2006).
Recent investigations have also identified specific molecular determinants that facilitate
immune evasion by S. epidermidis (Mack et al., 2007; Otto, 2009). Indeed, many of these
determinants are thought to have original functions in the noninfectious lifestyle of this
microorganism, emphasizing the opportunistic nature of S. epidermidis infections (Otto,
2009).
The role of the specific, acquired immune response to S. epidermidis infection is not well
understood. Our immune system has difficulty clearing long-lasting S. epidermidis infections,
despite the production of antibodies against S. epidermidis proteins. The host defense system
might not be effective against S. epidermidis, due to S. epidermidis exopolymers that protect
the cells from antibody recognition (Pourmand et al., 2006; Becker et al., 2007). Also, the
immune system may have evolved to react less strongly to prevalent colonising bacteria.
S. epidermidis shows substantial adaptation to the biofilm mode of growth, including
downregulation of basic cell processes such as nucleic acid, protein and cell wall biosyntheses
(Yao et al., 2005). Adhesion to abiotic surfaces such as catheters is mainly governed by
bacterial cell surface hydrophobicity (Mack et al., 2007). Specific proteins that affect surface
adhesion in S. epidermidis, such as the abundant surface protein AtlE, a bifunctional adhesin
and autolysin, and the Bap protein (also known as Bhp), are likely to contribute to the
hydrophobic character of the cell surface (Otto, 2009). In vivo, host matrix proteins such as
SdrF, SdrG, SdrH, Ebp, AtlE and Aae quickly cover abiotic surfaces. S. epidermidis has a
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large number of surface proteins called Microbial Surface Components recognizing Adhesive
Matrix Molecules (MSCrAMMs) that have the potential to interact with the host matrix
proteins. MSCrAMMs can be covalently bound to the bacterial surface and promote binding
to fibrinogen, fibronectin and collagen (Otto, 2009).
After initial adhesion, biofilms develop through intercellular aggregation that is mediated by
many different surface macromolecules, including exopolysaccharide and proteins that are
predominantly dedicated to the formation of the extracellular biofilm matrix. Many S.
epidermidis strains produce a poly-N-acetylglucosamine (PNAG) homopolymer that
surrounds and connects S. epidermidis cells in a biofilm (Mack et al., 2007). Production of
PNAG for many S. epidermidis strains is crucial for biofilm formation in vitro and has a
substantial impact on S. epidermidis biofilm-associated infection in most animal models
(Otto, 2009). The environmental signals that control PNAG expression are not well
understood, particularly in vivo, but the complexity of its regulation highlights the importance
of PNAG for S. epidermidis pathophysiology. In addition to its role as part of the extracellular
biofilm matrix, PNAG has been found to protect S. epidermidis from neutrophil killing,
complement deposition, immunoglobulins and antimicrobial proteins (Vuong et al., 2004).
However, PNAG is not essential for biofilm formation in all S. epidermidis strains; strains
that lack the polysaccaride adhesin ica genes can form biofilms and ica-negative S.
epidermidis strains have been isolated from biofilm-associated infections (Rohde et al., 2007).
The mechanisms of biofilm formation and detachment are poorly understood in S.
epidermidis. It is know that biofilm detachment in S. epidermidis is controlled by the quorum
sensing system agr, because biofilms that do not have a functional agr system are thicker and
have an obvious defect in detachment (Otto, 2009). Two detachment mechanisms have been
proposed: (i) enzymatic degradation of biofilm exopolymers and (ii) disruption of noncovalent interactions by detergent-like molecules, but evidence for either is limited.
In S. aureus, and many other bacteria, toxins are the most important contributors to aggressive
virulence. In contrast to the vast number of toxins produced by S. aureus, S. epidermidis toxin
production is mostly limited to phenol-soluble modulins (PSMs). PSMs are short,
amphipathic, α-helical peptides, which have pro-inflammatory and sometimes cytolytic
functions that are not considered typically aggressive toxins. Several studies have attempted
to identify the determinants that distinguish S. epidermidis strains that are capable of causing
infection, however evidence indicates that most S. epidermidis virulence factors originally
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had roles in the commensal lifestyle of this species (Otto, 2009). Because no clear differences
have been observed in the number of MSCrAMMS proteins from infection-associated and
commensal strains of S. epidermidis, it appears that these proteins are valuable during both
infection and colonisation, and that adhesion to host tissue is imperative during both
lifestyles. S. epidermidis should therefore be regarded as an “accidental pathogen”, the
clinical importance of which arises less from a dedicated infectious lifestyle and more from
the frequency of contamination events it is associated with and the existence of mechanisms,
such as adhesion and immune evasion, that are beneficial for the bacteria during both
colonisation and chronic infection (Otto, 2009).

1.9.2 Mixed bacterial-fungal interactions
In medicine, the majority of implanted medical device-associated infections are caused by
staphylococci, especially S. epidermidis and S. aureus (Mack et al., 2007), but fungal implant
infections tend to be more serious and are an increasing problem (Thein et al., 2009). They
are most frequently caused by pathogenic Candida species, particularly Candida albicans.
Candida septicaemias now represent up to 10% of all nosocomial bloodstream infections and
are usually catheter related (Bryers, 2008). Although most implant infections are caused by a
single pathogen, polymicrobial infections have been reported (Bryers, 2008). Mixed bacterialfungal biofilms are also associated with infections of endotracheal tubes, silicone voice
prostheses and dentures (Adam et al., 2002). It has been found, for example, while examining
patients with denture stomatitis, that there can be a significant association between C.
albicans and S. aureus (Pereira-Cenci et al., 2008). These communities of species existing as
a mixed biofilm are difficult to treat with antibiotics and antifungals. Mixed biofilms might be
more resistant as a result of their more complex matrix composition, and it has also been
proposed that antibiotic resistance profiles differ in mixed infections (Adam et al., 2002;
Bryers, 2008).
The mechanisms by which bacterial and yeast species in mixed biofilms coexist in harmony
within the human host are poorly understood, as studies so far conducted are limited to a few
species and strains of bacteria and Candida. However, the available data indicate that
microbial interactions in such mixed-species environments exhibit different behaviour
patterns from those of their monospecies counterparts (Thein et al., 2009). The mechanisms of
interaction between fungi and bacteria are diverse. Bacterial effects on fungal growth and
survival are dependent on many factors including the bacterial and fungal species, the
surrounding microbial community and the host environment (Bamford et al., 2009). The ways
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that bacteria can affect fungi are through attachment (coaggregation and competitive
inhibition of binding sites), growth (alteration of nutrient availability), virulence (direct or
indirect effects on fungal virulence-factor production) and survival (protection from
antibiotics in mixed biofilms and modification of the environment to promote death or
survival) (Wargo and Hogan, 2006). It has been shown that surface polysaccharides play an
important role in the colonisation of bacterial biofilms by C. albicans and in the colonisation
of C. albicans biofilms by bacteria (El-Azizi et al., 2004). Mixed biofilms can also alter the
physical and nutritional environment and/or the oxygen and iron concentration that as a
consequence can alter, the interactions between different species in a biofilm (Wargo and
Hogan, 2006).

1.9.3 Candida albicans
The fungal kingdom is diverse, and its members can inhabit a wide range of niches, but
despite this versatility, relatively few species are pathogens of humans. Although some are
primary pathogens, which cause human disease in the absence of any known defect in
infected individuals, there is a second group of fungi that are opportunistic pathogens. These
species require host dysfunction, such as that arising from the administration of broadspectrum antibiotics, neutropenia or disruption of protective barriers before disease can be
established (Haynes, 2001). The incidence of life-threatening mycoses caused by
opportunistic fungal pathogens has increased in recent years, and the most regularly
encountered species are members of the genera Candida and Aspergillus (Lamagni et al.,
2001).
The genus Candida is a heterogenous group of organisms that grow as yeasts. Candida
species inhabit the human oral cavity as a commensal of approximately half the population
(Thein et al., 2009). In clinical practice, the most commonly encountered member of the
genus is C. albicans, a species that can grow either as oval budding yeasts, as continuous
septate hyphae or as pseudohyphae and that is responsible for thrush (Douglas, 2003).
However, in addition to C. albicans, several other Candida species have been implicated in
human disease and the incidence of infection by these species is rising relative to that of C.
albicans (Hazen, 1995; Mukherjee et al., 2005; Seneviratne et al., 2008a). The most important
pathogenic species after C. albicans are, in decreasing order of pathogenicity, Candida
glabrata, Candida parapsilosis, Candida tropicalis; Candida dubliniensis and Candida krusei
(Pfaller et al., 2001). More than one of these Candida species may co-colonise mucosal
habitats such as the oral mucosa, tongue and palate (Pereira-Cenci et al., 2008), and multiple
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Candida species have also been recovered together with bacteria from mixed-species
infections (Thein et al., 2009). While C. albicans is still by far the predominant species, C.
glabrata is the second most prevalent species, frequently isolated from acrylic denture
surfaces and the palatal mucosa (He et al., 2006). C. glabrata has previously been considered
a non-pathogenic Candida species, but the increased use of immunosuppressive drugs, has
now led to increased frequency of C. glabrata infections with high mortality rates (Wenzel,
2007). This trend with the less pathogenic yeasts may be occurring because of increased
resistance to antifungals (Pereira-Cenci et al., 2008).
C. albicans is considered to be a polymorph, forming true hyphae and pseudohyphae. The
initial production of hyphae from yeast cells under certain growth conditions is referred to as
germ tube formation (Calderone, 2002). Diagnostic laboratories use this feature, the so-called
germ tube test, to rapidly identify isolates from patients. The production of germ tubes is
influenced by environmental factors, for example temperatures lower than 37ºC and an acid
pH favour yeast growth (Calderone, 2002). A number of methods of sampling the oral cavity
for the presence of Candida have been developed. Candida can be detected by taking a saliva
sample or swab of a site for culture on agar, or by direct microscopic examination of stained
smears or biopsies. Smears are of value in differentiating between yeast and hyphal forms, but
tend to be less sensitive than culture methods (Williams and Lewis, 2000). The concentrated
oral rinse and imprint culture methods of sampling both provide a quantification of Candida
that is advantageous clinically since enumeration of colony forming units can differentiate
between accepted levels of commensal candidal carriage and the presence of infection
(Williams and Lewis, 2000). A frequently used primary isolation medium for Candida is
Sabouraud’s dextrose agar (SDA) that, although permitting growth of Candida, suppresses
the growth of many species of oral bacteria due to its low pH (Williams and Lewis, 2000). In
recent years the ability to detect non-albicans species has become increasingly important. It
has therefore been recommended that for those continuing to use SDA, that a second
differential medium also be used. Examples include Pagano-Levin agar (Pagano et al., 1958)
or commercially-available chromogenic agars that differentiate yeast species by different
colour, such as CHROMagar Candida (CHROMagar, Paris, France), Albicans ID
(bioMérieux, Basingstoke, UK), Fluroplate (Merck, Damstadt, Germany) or Candichrom
albicans (International Mycoplasma, Toulon, France); these agars can also be used for
primary differential plating.
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Virulence determinants for Candida species include the ability adhere to host tissues, to
respond rapidly to changes in the external environment and to secrete hydrolases (Haynes,
2001; Blankenship and Mitchell, 2006; Seneviratne et al., 2008a). In C. albicans, secreted
aspartic proteinases (Sanglard et al., 1997; Hube and Naglik, 2001; Naglik et al., 2008) and
other secreted hydrolytic enzymes, in particular phospholipases (Ghannoum, 2001), have
been implicated in the pathobiology of C. albicans. The ability to respond to changing
environments is an essential requirement for any successful organism. Environmental changes
are often detected by cell surface receptors that initiate signal transduction cascades resulting
in altered activity of transcription factors and thus modification of gene expression that could
be a determinant of fungal virulence (Calderone and Fonzi, 2001).
Several Candida species are normal inhabitants of human skin or mucosal surfaces, but what
changes these usually harmless commensals into pathogens? Changes in the host are generally
required before disease can be established and progress, suggesting that no event occurs
within the fungus to mediate an increased capacity for virulence (Haynes, 2001). Fungi,
including Candida species, can respond rapidly to environmental changes, becoming
opportunistic pathogens, particularly in a debilitated patient with impaired immunity (Haynes,
2001). These opportunistic fungal pathogens can colonise and invade the immunocompetent
and the immunocompromised, however, the compromised are affected at a significantly
higher frequency than healthy individuals (Ellepola and Samaranayake, 2000). For example,
significant increases in fungal populations have been reported during radiotherapy (Ellepola
and Samaranayake, 2000; Reichart et al., 2000) and oral candidiasis can result in discomfort
and morbidity during and after radiation therapy (Ramirez-Amador et al., 1997; Vissink et al.,
2003b). Infections caused by Candida are collectively referred to as candidiasis or candidosis;
both terms are used in the literature (Williams et al., 2011). The acute form of oral candidiasis
appears as erythema and a burning sensation within the oral mucous membranes and is
usually accompanied by the presence of discrete colonies on the oral mucosa; the chronic
form appears as erythema and plaque-like nodules on the tissue of the fitting surface of an
upper denture (Pereira-Cenci et al., 2008; Niimi et al., 2010). C. albicans is the species most
commonly implicated in oral candidiasis and is related to local factors like denture wearing,
defective dentures and poor denture hygiene (Dar-Odeh and Shehabi, 2003). Some systemic
factors may predispose to candidal infection such as diabetes mellitus (Guggenheimer et al.,
2000a; b), HIV infection (Schmidt-Westhausen et al., 2004; Perezous et al., 2005), nutritional
deficiencies of vitamin B12 and folate (Samaranayake, 1986) and psychotropic and
hyposalivatory drugs (Lucas, 1993). In patients with recurrent oral candidiasis, C. albicans
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can be replaced by other less virulent species such as C. dubliniensis, C. glabrata and C.
tropicalis in subsequent infections (Coleman et al., 1998; Sullivan and Coleman, 1998). In a
study of patients with denture stomatitis, the majority were colonised with C. albicans (72%)
(Dar-Odeh and Shehabi, 2003). Of these C. albicans isolates, 62% produced the putative
virulence factor proteinases in vitro; none of the other Candida species isolated showed this
characteristic. Hydyrolases are a significant virulence factor of C. albicans in mucosal disease
that degrade host defensive factors contributing to tissue damage in oral candidiasis (PereiraCenci et al., 2008).
Oral candidiasis can be treated with chlorhexidine gluconate (Ellepola and Samaranayake,
1999; 2001) or antimycotics (Ellepola and Samaranayake, 2000; Odds et al., 2003). Two
types of antimycotics are used – polyenes and azoles. Although polyenes such as Nystatin
lozenges, are commonly used to treat acute oral fungal infections, these contain large amounts
of sucrose and should be used with caution in dentate patients. In addition oral lozenges may
be difficult to dissolve in the mouths of severely xerostomic patients. Systemic therapy using
azoles such as ketoconazole or fluconazole is favored by many clinicians and is preferred for
use in the potentially noncompliant patient (Odds et al., 2003). Prolonged use of antifungal
medications is discouraged because of the risk of fungi developing resistance to these drugs
(Mukherjee and Chandra, 2004).
1.9.3.1

Candida adhesion to medical devices

In general, Candida biofilm formation commences with the adhesion of the fungus to a
surface and the subsequent differentiation into a mature three dimensional, spatially
organised, complex structure composed of yeast, germ-tubes, young hyphae, all encased in an
extracellular polysaccharide matrix (Seneviratne et al., 2008a). Adhesion is often the first
stage of the infection process for members of the genus Candida and several specific
interactions between these fungi and other organisms, medical devices and the mammalian
host have been described (Blankenship and Mitchell, 2006). C. dubliniensis, for example,
coaggregates with the oral bacterium Fusobacterium nucleatum, whereas C. albicans and C.
tropicalis have been shown to interact with Streptococcus gordonii. Such interactions could
facilitate their survival in mixed oral communities (Haynes, 2001; Bamford et al., 2009; Thein
et al., 2009) and increased resistance to antifungal drugs compared with planktonic Candida
cells (Donlan, 2000). Implanted devices such as intravascular or urinary catheters, and
endotracheal tubes, are also associated with candidaemia as a consequence of the process of
insertion and biofilms can often be detected on the surfaces of these devices (Bryers, 2008).
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Other devices totally implanted into the body, such as prosthetic heart valves, cardiac
pacemakers and joint replacements, are also liable to infection, usually at the time of surgical
placement (Bryers, 2008). Non-device-related infections can also involve biofilms. Candida
endocarditis, for example, can result from the formation of biofilms on damaged vascular
endothelium of heart valves in patients with pre-existing cardiac disease. The primary lesion
is a thrombus of fibrin and platelets, which develops on the surface of the heart valve and
becomes colonised with fungal cells that can lead to the production of emboli (Douglas,
2003).
Superficial Candida infections associated with prostheses are much less serious, but are
encountered frequently and can be troublesome (Seneviratne et al., 2008a). In the head and
neck region, denture stomatitis and contamination of silicone voice prostheses are frequently
reported (Douglas, 2003). The most common superficial infection is denture stomatitis, a
Candida infection of the oral mucosa that is promoted by a close fitting upper denture
(Pereira-Cenci et al., 2008). Silicone voice prostheses that are fitted in laryngectomized
patients can also become contaminated by polymicrobial biofilms containing Candida spp.
These devices often fail within months because the biofilm causes a malfunction of the valve
mechanism (Holmes et al., 2006). This will be discussed further below.
1.9.3.1.1 Dentures
Candida-associated denture stomatitis is a common infection observed in approximately 1167% of otherwise healthy denture wearers (Arendorf and Walker, 1987; Pereira-Cenci et al.,
2008). Denture stomatitis is characterized by inflamed mucosa, particularly under the
maxillary denture, and although patients may complain of a burning sensation, discomfort, or
bad taste, in the majority of cases they are unaware of the infection. The aetiology of the
disease is multifactorial and factors associated with the development of denture stomatitis
include denture trauma, continuous denture wearing, decreased salivary flow, inadequate
denture cleanliness, aging of the denture, smoking, dietary factors, pH of denture pellicle and
denture base material such as polymethylmethacrylate (PMMA), silicone and self-cure acrylic
(Webb et al., 1998a; b; Nikawa et al., 2001a; Nikawa et al., 2001b; Kulak-Ozkan et al., 2002).
The involvement of Candida as a potential causative agent in denture-induced stomatitis was
first described by Cahn (1936) who called it “rubber sore mouth”.
Yeast cells adhere to and colonise oral surfaces including mucosa and acrylic dentures and
have the ability to co-adhere with oral bacteria such as S. aureus, E. coli and Klebsiella
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species (Cannon and Chaffin, 1999; Ramage et al., 2004). This is the first step that may lead
to the development of the infectious process and that may ultimately result in varying degrees
of denture stomatitis of the adjacent mucosa (Cannon and Chaffin, 1999; Ramage et al., 2004;
Busscher et al., 2010). Candida adheres directly or via a pellicle layer to the PMMA denture
base (Nikawa et al., 1998; Sipahi et al., 2001; Barbeau et al., 2003; Avon et al., 2007; PereiraCenci et al., 2007). Without this adhesion, microorganisms such as Candida would be
removed from the oral cavity when saliva or food is being swallowed. Many factors are
involved in the adhesion of Candida to the acrylic resin base, though contradictory results
have been reported from in vitro studies, particularly with reference to the influence of saliva
(Sipahi et al., 2001; Moura et al., 2006). Charge, surface free energy, hydrophobicity, and
roughness and the physicochemical properties of the microbial cell surface, such as its surface
charge and hydrophobicity can also influence the initial adhesion of microorganisms (Boks et
al., 2008; Busscher et al., 2010). The plasticiser in denture liners and benzoyl peroxide in
acrylic may also alter the adhesion and growth of Candida (Nikawa et al., 1995; Makihira et
al., 2002). Nikawa and colleagues found that plasticisers such as benzyl salicylate and dibutyl
phthalate inhibited Candida growth, but denture liners with the plasticisers benzyl benzoate,
benzyl n-butyl phthalate or butyl phthalyl butyl glycorate had little influence on Candida
adhesion (Nikawa et al., 1995). Makihira and colleagues investigated the liquid components
in acrylic resin and found that methyl methacrylate and hydroquinone did not affect Candida
adhesion but concentrations of 1mM of benzoyl peroxide reduced adhesion and suggested that
providing new dentures could be a treatment for oral candidiasis in denture-wearing patients
(Makihira et al., 2002).
Large numbers of Candida on the fitting surface of the denture and the acid production by
these yeasts are also important factors in the pathogenesis of denture stomatitis through direct
cytotoxicity, activation of acid proteinase and phospholipase produced by these yeasts that
may further promote Candida adhesion (Pereira-Cenci et al., 2008).
1.9.3.1.2 Silicone voice prostheses
Colonisation of biomedical devices by microorganisms in vivo, frequently results in damage
to the device and sometimes initiates infection. Voice prostheses are non-implanted devices,
which are usually made of medical grade silicone rubber. Because they are in contact with the
open air and saliva, voice prostheses are not in a sterile environment and consequently are
prone to microbial colonisation. Voice prostheses, are continuously exposed to saliva, food
and drinks that, together with colonisation by oropharyngeal microflora, most commonly
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Candida species, results in the need for frequent replacement because of valve failure (van
Weissenbruch et al., 1997; Millsap et al., 2001; Rodrigues et al., 2007). Yeasts in a mixed
biofilm on the prosthesis are thought to be responsible for the biodeterioration of the silicone
(Holmes et al., 2006). The microflora on explanted silicone rubber voice prostheses consists
mainly of streptococci and yeasts that are predominantly Candida species, particularly C.
albicans and C. glabrata (Rodrigues et al., 2007). Although Candida species are believed to
be principally responsible for microbial growth on the voice prostheses, the presence of
bacteria such as Rothia dentocariosa and S. aureus appears to increase the adhesion of yeast
species, especially C. albicans, to silicone (Millsap et al., 2001).
Antifouling treatment to remove or prevent biofilm formation on the silicone rubber material
is desirable because the average lifetime of the voice prosthesis is only approximately two
months. Different approaches have been undertaken to modify the silicone rubber surface to
inhibit biofilm formation and consequently to prolong the lifetime of voice prostheses. Voice
prostheses become covered by a conditioning film (or pellicle) of adsorbed salivary
components that provides surface-specific receptors for initial microbial adhesion. In vivo
studies in the human mouth have also demonstrated that the properties of this conditioning
film can be determined by the material itself (Rodrigues et al., 2007). As a consequence,
biofilm formation can be influenced by adjusting the properties of the voice prostheses
material or by surface modification. Development of new biomaterials that inhibit microbial
adhesion and growth can be achieved by changing the physicochemical properties of the
biomaterial surface or by covalently binding antimicrobial agents to the biomaterial surface.
However, techniques to modify silicone rubber surfaces (e.g. metal coating, plasma surface
treatment, perfluoro-alkylsiloxane surface treatment, covalently coupled quaternary
ammonium silane coating, bulk surface modification and use of surface active molecules) and
antimicrobial prophylactic treatments (e.g. probiotics, dairy products, caffeinated soft drinks,
antifungal treatment and synthetic salivary peptides) for silicone rubber voice prostheses have
shown varying effects in the inhibition of biofilm formation (Free et al., 2000a; Free et al.,
2000b; van der Mei et al., 2000; Elving et al., 2001; Lynch and Robertson, 2008; Busscher et
al., 2010). At this time, probiotics and surface active compounds, such as biosurfactants,
show the most potential to inhibit biofilm formation, but further research is still required
(Rodrigues et al., 2007).
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1.9.3.1.3 Biofilm models
Microorganisms exist predominantly as biofilms and in this state they characteristically
display a phenotype that is markedly different from that of planktonic cells (Douglas, 2003).
The greater ability of C. albicans, for example, to adhere to a substratum has been cited as a
reason why this species is more pathogenic than other Candida species that are less able to
form biofilms such as C. glabrata, C. tropicalis, C. parapsilosis and Candida keyfr (Haynes,
2001). C. albicans cells can also adhere to components of mammalian tissues, and interact
with proteins containing RGD motifs such as fibronectin and iC3b (Hostetter, 2000).
Various model systems have been used to characterize the overall properties of Candida
biofilms, with almost all adapted from methods reported previously for bacteria. The simplest
models involve growing adherent populations on the surface of microtitre plate wells or on
small discs cut from catheters, or denture acrylic (Douglas, 2003). Using a colorimetric XTT
assay, metabolic activity and growth are monitored quantitatively by a colorimetric assay that
depends on the reduction of a tetrazolium salt, or by (3H)leucine incorporation. These assays
measure biofilm formation under static incubation conditions. In vivo, however, developing
biofilms are often subjected to a liquid flow. In vitro, this can be achieved by gentle shaking
of the biofilm growing on a substratum in liquid medium. More sophisticated flow systems
include biofilm formation on cylindrical cellulose filters, in a perfused biofilm fermenter or in
flow chambers (Bos et al., 1994; Douglas, 2003). Various factors affect biofilm formation in
vitro, including the Candida species and strain, the nature of the colonised surface, and the
presence of a conditioning film (Millsap et al., 1998; Douglas, 2003).
While there is data on monospecies biofilms of Candida, information on mixed-species
Candida biofilms or bacteria–Candida combinations is still limited (Thein et al., 2009).
Bacteria are often found with Candida species in polymicrobial biofilms, in the oral cavity or
in other habitats, and it is likely that interspecies interactions take place within a shared
community. In such an environment, depending on the local conditions, bacteria may provide
fungi with compounds that activate virulence determinants of the fungi (Wargo and Hogan,
2006; Thein et al., 2009). Drug susceptibility studies have shown that fungal cells can
modulate the action of antibacterial agents and bacteria can affect the activity of antifungal
agents in biofilms consisting of C. albicans and oral streptococci (S. gordonii and S.
salivarius) on denture acrylic (Douglas, 2003). Although there is variability in composition of
an oral biofilm community depending on patient-dependent characteristics, the presence of a
specific microorganism does not necessarily induce pathology. Usually this depends on the
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microorganism-host interactions that modulate the host’s response (Pereira-Cenci et al.,
2008).
1.9.3.1.4 Biofilm ultrastructure
C. albicans biofilms feature a mixture of morphological forms when examined by scanning
electron microscopy. In vitro, initial attachment of yeast cells is followed, after 3–6 hours, by
germ-tube formation. Fully mature biofilms, produced after incubation for up to 48 hours,
consist of a dense network of yeasts, hyphae and pseudohyphae, although the presence of
hyphal forms depends on factors that include the growth media and substratum (Douglas,
2003). Despite its excellent resolution, scanning electron microscopy has the disadvantage
that all samples examined must be fully dehydrated. Confocal scanning laser microscopy
allows the examination of fully hydrated, living biofilms if fluorescence (eg 2-chloro-4-(2,3dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium iodide (FUN-1
(red)) and Concanavalin A-Alexafluor 488!(ConA (green))) !is introduced to a biofilm for 45
minutes prior to visualizing the cells (Kuhn et al., 2002). Using this technique, C. albicans
biofilms have been characterized as complex 3-D structures consisting of matrix-enclosed
microcolonies, frequently described as ‘towers’ or ‘mushroom-shaped stacks’. These
microcolonies are separated by water channels, which provide a mechanism for nutrient
circulation within the biofilm (Kuhn et al., 2002).

1.10 Materials used for obturators
Obturators are made from polymer materials that allow a range of clinical applications not
possible with other types of materials (O'Brien, 2009). They are used as impression materials,
restorative materials, denture teeth, cements, dies, provisional and definitive crowns,
endodontic fillings, tissue conditioners, and pit and fissure sealants. However, the primary use
of polymers in terms of quantity is in removable prosthodontics for the construction of
complete dentures, obturators and the tissue-bearing portions of partial dentures (O'Brien,
2009).
A polymer is defined as a molecule that is made up of many units linked in a chain (poly, =
many; mer = unit). A mer is the simplest repeating chemical unit of which the polymer is
composed, and is often the basis for naming the material. Monomers are the molecules that
unite to form a polymer, and the process by which this occurs is termed polymerisation
(Darvell, 2009).
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Many factors affect the properties of polymers, including the chemical composition and
length of the chain, its degree of polymerisation, and the number of branches and/or crosslinks between polymer chains. In general, longer chains and a higher molecular weight result
in increased strength, hardness, stiffness, and resistance to creep along with increased
brittleness (Anusavice, 2009). The amount of crystallinity present in a polymer affects its
properties. Most dental polymers are amorphous (glassy polymers) with atoms having an
irregular arrangement in space. During polymerisation, the volume decreases, resulting in
shrinkage and the production of internal stress. Small plasticiser molecules such as benzyl
salicylate, dibutyl phthalate, benzyl benzoate, benzyl n-butyl phthalate and butyl phthalyl
butyl glycorate can be added to stiff uncross-linked polymers to reduce their rigidity (Garcia
and Jones, 2004). When small molecules surround large ones, the large molecules are able to
move more easily. A plasticiser lowers the glass-transition temperature of the polymer, so a
material that is normally rigid at a particular temperature becomes more flexible and rubberlike (Garcia and Jones, 2004).

1.10.1 Denture base polymers
The polymeric denture base can consist of either a stiff base on which the teeth are arranged,
or a sandwich of stiff base and a resilient liner to provide greater retention and comfort
(Garcia and Jones, 2004). When the tissue underlying a loose fitting denture is traumatized, a
viscoelastic tissue conditioner can be moulded onto the fitting surface of the denture because
of the reduced rigidity of the material from the plasticiser.
When fabricating a denture base or obturator from polymers, certain physical and mechanical
properties of the final polymer are important (O'Brien, 2009). The cured material should be
stiff enough to hold the teeth in occlusion during mastication and to minimize uneven loading
of the mucosa underlying the obturator or denture. The polymer should not creep under
masticatory loads and should have sufficient strength and resilience to withstand not only
normal masticatory forces, but sudden high stress caused by impact forces. The material
should not deteriorate in the oral and oronasal environment, and crazing should not occur due
to the effect of solvents in food, drinks, or medication. The cured polymer should be
biologically inert and slow to foul when in contact with oral and nasal flora (Nikawa et al.,
2001a).
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There are three methods that are used for initiation of polymerisation of denture base
polymers – heat, chemical (or autopolymerised) and light-activation. Injection moulding uses
a thermoplastic material that is forced into a mould and cools.
1.10.1.1 Heat-cured acrylic
Most denture base acrylic is supplied as polymer powder beads and monomer liquid and is
shaped using the compression moulding technique (Anusavice, 2009). The monomer liquid is
methyl methacrylate, and when added to the powder, it diffuses into the polymer beads on
contact, causing them to swell. Although monomer globule formation can be thermally
catalysed without a catalyst, benzoyl peroxide is usually added to catalyse the bead
polymerisation (Anusavice, 2009). As the beads swell, entanglements occur between the
beads, and the bead-monomer mixture becomes a cohesive gel and the monomer infiltrates
into the core of each bead. This is called the dough stage. To assist the development of the
dough formation stage, an internal plasticiser containing various methacrylate or acrylate
monomers is also incorporated into the bead polymer. These soften the bead and allow the
monomer to diffuse more rapidly into the bead during the dough stage. Pigment can also be
added. The doughing characteristics of the bead are determined by particle size distribution,
molecular weight and plasticiser content. The highest molecular weight distributions and
lowest plasticiser content give the best physical and mechanical properties in the cured
denture base. Dimethacrylate cross-linking agents such as ethylene glycol dimethacrylate or
1,4-butylene glycol dimethacrylate in the monomer reduce the denture base's solubility to
organic solvents, and also reduce the tendency of the denture base to form pre-cracks under
stress (Anusavice, 2009).
In the swollen state, benzoyl peroxide diffuses from the bead into the interstices, and initiates
curing (polymerisation) of the dough (Anusavice, 2009). The curing cycle is designed to raise
the temperature to a point at which sufficient benzoyl peroxy radicals are produced to
overcome the scavenging effect of oxygen, and polymer chains form by free-radical addition
polymerisation. Too rapid a rise in temperature reduces toughness of the material and
porosity. Slow cures result in much tougher denture bases and obturators and less freemonomer within the prosthesis (Anusavice, 2009). The cross-linker is more completely
polymerized in heat-cured systems, resulting in significantly lower creep values due to
removal of the plasticizing effect of unreacted cross-linker groups. Keeping the curing dough
under compression can largely compensate for the shrinkage that occurs when the liquid
monomer is converted to a solid polymer. As curing progresses across the mould, the mould
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space is kept filled, improving in dimensional accuracy. Heat-cured systems also result in an
increased rate of monomer diffusion at the higher temperature. This is most beneficial when
acrylic teeth are used, because it leads to better wetting of the teeth by the dough and the
formation of chemical welds between the teeth and denture base (Darvell, 2009).
1.10.1.1.1 High-impact acrylic
High-impact acrylic denture base is also made by the heat-cured dough method; impact
resistance arises from the incorporation of a rubber phase into the beads during their
suspension polymerisation (Darvell, 2009). The monomer used to get high impact beads
differs from conventional monomers in that it contains very little or no cross-linking agent.
1.10.1.2 Autopolymerising denture base
The autopolymerising, or pour-type, denture base is chemically similar to the heat-cured
denture base except that a reducing agent, usually a tertiary aromatic amine, is added to the
monomer (Darvell, 2009). The reducing agent reacts with the benzoyl peroxide at room
temperature to produce peroxy free radicals, which initiate the polymerisation of the
monomer in the denture base (Darvell, 2009). The molecular weight and plasticiser content
are balanced to give a high penetration of monomer into the bead with a slow increase in
viscosity of the mix to allow pouring of the acrylic into the mould and good wetting of the
plastic teeth (Anusavice, 2009). The compromise with this material is high residual freemonomer and a wide range of physical and mechanical properties between the different
products (O'Brien, 2009). The unreacted monomer results in two main disadvantages. First,
the unreacted monomer acts as a plasticiser resulting in decreased transverse strength of the
material, and secondly, it acts as a potential tissue irritant (Anusavice, 2009). The colour
stability is also inferior to that of the heat-cured resins, because the tertiary amines are
susceptible to oxidation (O'Brien, 2009).
The “pour technique” was originally developed during the 1960s but became unpopular
because of problems from incorrect processing resulting displacement of the tooth during the
pouring process (O'Brien, 2009). Subsequently, the use of a hydroflask was introduced to
produce an increased pressure around the mould, reducing porosity and increasing the density
of the cured resin, thereby improving the materials strength (Ruyter, 1982). However, there is
little that can be done to reduce the residual free-monomer to improve material toughness and
reduce creep compared with heat-cured acrylics. This is because this is a consequence of the
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formulation the manufacturer chooses when they determine the materials powder/liquid ratio,
the cross-linker content, and the accelerator/catalyst ratio (Anusavice, 2009).
1.10.1.3 Light-activated materials
Light-activated materials are used for prosthodontic applications. The material consists of a
urethane dimethacrylate matrix with an acrylic copolymer and has a micro-fine silica filler
(O'Brien, 2009). Photopolymerisation is initiated by activation with light of a visible-light
photoinitiator such as camphorquinone and the polymerisation process is accelerated with
amine-based accelerator molecules (Channasanon and Tanodekaew, 2008). This eliminates
the need for the materials and equipment required for the construction of conventional
dentures, such as pressure flasks and boiling tanks.
The impact strength and hardness of light-activated materials compare well to conventional
heat-cured materials but they have a much lower elastic modulus and will deform more than a
heat-cured denture under the forces of mastication (O'Brien, 2009). Light-activated materials
contain no methyl methacrylate monomer, so may be considered for use in patients who have
a methacrylate sensitivity (Channasanon and Tanodekaew, 2008).
1.10.1.4 lnjection-moulded plastic
Injection-moulded plastics have the advantage of consistent molecular weight, but the
disadvantages of the cost of the equipment, low craze resistance, and difficulties with
attachment of teeth to the denture base (O'Brien, 2009). The plastics used are polycarbonate
and nylon and represent a very small fraction of the dental market, although they offer an
alternative to metal dentures for patients sensitized to methacrylate or to nickel or cobalt
(Darvell, 2009).
Injection moulding relies almost totally on mechanical forces rather than chemical adhesion to
retain the teeth in a denture or obturator (O'Brien, 2009). Low melt temperatures of this
material will cause strong forces to be put on the teeth during the injection phase that may
dislodge teeth from the mould (Anusavice, 2009). Depolymerisation or oxidation from
overheating the melt can result in porosity, loss of strength, colour changes, and increased
susceptibility to biofilm formation (Nikawa et al., 2001a).
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1.10.2 Soft Liner Materials
Soft liner material has been available since the days of vulcanite dentures. As early as the turn
of the twentieth century, efforts have been made to improve fit and comfort in prosthodontic
treatment of edentulous patients, although these efforts were limited by materials available at
the time (Garcia and Jones, 2004). In the late 1950s through the early 1960s, tissue
conditioners were introduced for use in tissue treatment for irritated or infected denturebearing tissues, for lining surgical splints, for stabilising record bases, and as a functional
impression material. Soon after, short-term liners appeared on the market and were used for
tissue treatment or tissue conditioning. By the late 1960s, more durable, resilient soft liners
were used (Qudah et al., 1990). At the time, the common liner materials were silicone rubbers
including Molloplast-B, a gamma methacryloxy propyl trimethoxy silane heat-polymerized
silicone. The limitation with the silicone rubber products is the lack of bonding between the
silicone rubber and the acrylic resin base material allowing microbial growth, particularly of
C. albicans on and within processed soft liners (Makila and Hopsu-Havu, 1977; Nevzatoglu
et al., 2007).
Clinical uses of soft liners include tissue conditioning, diagnostic relining, impression
material, and to improve the fit and/or comfort of obturator prostheses, immediate dentures
and prostheses following pre-prosthetic or implant surgery. There are certain clinical
limitations with the use of soft liners, primarily resulting from failures in the physical
properties of the material (Nikawa et al., 1992; Qudah et al., 1990; Zissis et al., 2000;
Elsemann et al., 2008). Use of a soft liner may make the difference for a patient being able to
function with a removable prosthesis, such as in a patient with a sharp, bony residual alveolar
ridge or bony undercuts. The resilience of the material allows energy absorption to occur
when the material is deformed (Qudah et al., 1990). The soft liner allows a uniform
distribution of stress at the mucosa-lining interface, but does not reduce the transmitted
forces.
Soft liners have been classified as being made of either acrylic or silicone. Silicone soft liners
include heat-cured liners and those vulcanized at room temperature. Resilient soft liner
materials are either for short-term or long-term use (Qudah et al., 1990). Short-term liners are
used as tissue conditioners and temporary soft liners for up to 30 days and a long-term liner is
categorized as one that maintains softness and elasticity for more than 30 days. Liners used
for between 1 and 6 months are categorized as intermediate liners and are made of plasticized
acrylic although the plasticisers leach out and the material loses resiliency within 1 to 2
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months (Garcia and Jones, 2004). Long-term or permanent soft lining materials are resilient
polymers used to replace the fitting surface of a hard plastic denture or obturator, either
because the patient cannot tolerate a hard fitting surface or to improve retention of the denture
or obturator. Soft liner materials are, however, above their glass-transition temperature when
in the mouth, so physical phenomena such as water absorption, loss of soluble components by
diffusion, and biodegradation resulting in increasing material hardness and roughness are
important in the clinical success of a liner material (Elsemann et al., 2008). For these reasons,
use of a soft liner material may increase discomfort and contribute to increasing numbers of
C. albicans in a patient with denture stomatitis. Nikawa and colleagues have shown that
different components of soft liners affect the growth and colonisation of C. albicans (Nikawa
et al., 1994b). They found the type of plasticiser influenced colonisation, with dibutyl
phthalate butyl, N-butyl phthalate, or butyl phthalate butyl glyconate increasing colonisation
compared with benzoate or benzyl salicylate plasticisers that decreased colonisation.
1.10.2.1 Acrylic soft liners
Tissue conditioners are plasticised acrylics consisting of poly(ethylmethacrylate),
poly(ethylacrylate), or butyl methacrylate, a monomer of methacrylate ester, a phthalate
plasticiser and up to 25% ethanol (Darvell, 2009). The plasticiser lowers the glass-transition
temperature so the rigid acrylic resin becomes rubbery and resilient slightly above room
temperature so the material will flow (O'Brien, 2009). The plasticiser is either unbound to the
acrylic and free to diffuse out during use, resulting in a loss of resilience, or is reacted into the
cured matrix of the acrylic. The latter method is preferred because it increases the clinical life
of the soft liner, but these acrylics are hard to formulate (Garcia and Jones, 2004). The
advantage of these materials compared with silicone soft liners is their ability to bond to the
denture resin base, however the disadvantage is the loss of plasticisers by diffusion during use
(O'Brien, 2009).
1.10.2.2 Silicone soft liners
The silicones used as soft liners can be divided into two types: room temperature vulcanizing
(RTV) and heat cured. The resilience of silicones is an advantage, however, silicones have
poor tear strength and no intrinsic adhesion to the acrylic denture base. The biggest
disadvantages of RTV silicones is their lack of adhesion capability and, because the degree of
cross-linking is lower, (making adjustments and alterations difficult), the material frequently
swells and buckles during use and is sensitive to denture cleansers (Garcia and Jones, 2004).
Heat-cured silicones have a siloxane methacrylate in their formulation that can polymerise
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into the curing denture base and achieve a greater degree of cross-linking than the RTV
silicones and therefore have a much longer clinical life. An example is Molloplast-B, which is
a gamma methacryloxy propyl trimethoxy silane heat-polymerised silicone.
Long-term silicone liners have been suggested as a means of minimising mucosal trauma in
mandibular dentures (Rahn et al., 1968). Clinical experience, however, has confirmed silicone
to be inferior to polymethylmethacrylate (Beumer et al., 1976). The silicones exhibit reduced
wetability and this phenomenon contributes to increased drag that does not allow the
mandibular denture to slide over the dry mucosal surface during function. In patients with
radiation-induced xerostomia this has added clinical significance. In a clinical report by Daly
and Drane, in which dentures with soft silicone liners were used in 25 patients, eight
developed soft tissue necrosis and one developed osteoradionecrosis (Daly and Drane, 1972).
The high risk of tissue abrasion plus the poor adjustability of silicone have caused clinicians
to abandon its use in irradiated patients. In addition, because of the increased fungal burden in
patients with radiation-induced xerostomia (Reichart et al., 2000), more rapid deterioration of
silicone liners is observed (Nikawa et al., 2001a) and the use of silicone in these patients has
reduced (Nevzatoglu et al., 2007).

1.11 Substratum surface and microbial characteristics affecting adhesion
Soft liners and silicone are used to reduce and redistribute occlusal forces that may damage
the underlying mucosal tissues and also to improve the fit and retention of dentures and
obturators. Even though these materials exhibit excellent tissue tolerance, one problem is the
colonisation on and within the material by microorganisms, including Candida species
(Pereira-Cenci et al., 2008). Fungal growth is known to destroy the surface of the liner and
this may lead to irritation of the oral tissues. This is due to a combination of increased surface
roughness, and high concentrations of secreted enzymes and metabolic products produced by
the fungal cells (Nikawa et al., 1995; Nikawa et al., 2000a; Nikawa et al., 2000b). The
incorporation of antifungal agents or antiseptics in the soft liners does not significantly reduce
Candida adhesion or colonisation (Nikawa et al., 2001a). This is thought to be due to the
surface roughness and porous surface texture of the material that entraps yeast cells
promoting increased (re)colonisation in spite of the presence of antifungals. The nutrient-rich
environment of the oral cavity may also overcome the inhibitory effect of the antifungal
released from the denture liners (Pereira-Cenci et al., 2008). Saliva may also dilute the
concentration near the denture surface to below fungicidal concentrations. Alternatively, the
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antifungal included might not be effective against the particular Candida species causing the
infection (Pereira-Cenci et al., 2008).

1.11.1 Physicochemical interactions between microorganisms and material
surfaces
As previously discussed in section 1.7.1.2, microorganisms move to or are moved to a
material surface through and by the effects of physical forces (Boks et al., 2008) and these
physical interactions can be classified as long-range interactions and short-range interactions
(An and Friedman, 1998).

1.11.2 Environment
Factors in the general environment such as temperature, time period of exposure, microbial
concentration, and the presence of antibiotics can affect microbial adhesion (Whitehead and
Verran, 2008). For example, the number of bacteria adhering to substrata surfaces increases
with time until a saturation level is reached that is specific for each type of surface. These
factors influence bacterial adhesion by either changing physical interactions or changing the
surface characteristics of bacteria or materials (An and Friedman, 1998; Boks et al., 2008).

1.11.3 Bacterial characteristics
For a given denture material surface, different microbial species and strains adhere differently
and these differences can be accounted for by the different physicochemical characteristics of
microbial species and strains (Busscher et al., 2010).
1.11.3.1 Microbial hydrophobicity
The surface hydrophobicity of bacteria is an important physical factor influencing adhesion,
especially when the substrata surfaces are either hydrophilic or hydrophobic (Boks et al.,
2008; Busscher et al., 2010). The hydrophobicity of bacteria can be determined by contact
angle measurements, such as the sessile drop method; the evaluation of the bacteria’s ability
to adhere to hexadecane, hydrocarbon, or polystyrene; partitioning of the bacteria in an
aqueous two-phase system; the salt aggregation test; or hydrophobic interaction
hydrochromatography (Mozes et al., 1988). The hydrophobicity of bacteria varies for
different bacterial species and is influenced by the growth medium, the growth cycle stage,
and the bacterial surface structure. Generally, bacteria with hydrophobic properties bind
preferably to hydrophobic oral surfaces whereas those with hydrophilic characteristics bind
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best to hydrophilic surfaces. Hydrophobic bacteria in general are more adherent than
hydrophilic bacteria (An and Friedman, 1998; Boks et al., 2008).
1.11.3.2 Microbial surface charge
The surface charge of bacteria is another important physical factor influencing bacterial
adhesion (Mozes et al., 1988). Most particles acquire an electric charge in aqueous suspension
due to the ionization of their surface proteins. The surface charge attracts ions of opposite
charge in the medium. Bacteria in aqueous suspension are always negatively charged (An and
Friedman, 1998). A high surface charge results in a hydrophilic property, but a hydrophobic
microorganism may still have a rather high surface charge. The surface charge of bacteria
varies according to bacterial species and is influenced by growth medium, the growth cycle
stage, and bacterial surface structure. The effects of microbial surface charge on adhesion are
varied (An and Friedman, 1998). Some studies have shown that adhesion to different surfaces
is not affected significantly by the cells surface charge, but others have questioned this
finding (An and Friedman, 1998).

1.11.4 Material surface characteristics
The factors influencing bacterial adhesion to a biomaterial surface include the chemical
composition, surface charge and hydrophobicity of the material, and the surface roughness or
physical configuration (An and Friedman, 1998). The surface energy, the availability of
empty binding sites, and the hydrophobic and hydrophilic characteristics of the surface can be
altered by the adsorption or binding of salivary proteins and the formation of biofilms
(Whitehead and Verran, 2008).
1.11.4.1 Surface chemical composition
S. epidermidis, for example, preferentially adheres to polymers and S. aureus to metals (Otto,
2009). This may help explain why S. epidermidis is often associated with implanted polymer
medical device infections while S. aureus is often the major pathogen in implanted metal
medical device infections. If the surface chemicals are changed or modified, such as with an
antimicrobial peptide coating, pluronic surfactant coating, nonsteroidal anti-inflammatory
drug coating, a cations absorbed solid surface, or amine-containing organosilicon surfaces,
bacterial adhesion to these surfaces is discouraged (Busscher et al., 2010).
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1.11.4.2 Surface roughness
Surface roughness is a 2-dimensional parameter of a material surface quantified by roughness
measuring systems such as the Stylus system. It is commonly described as arithmetic average
roughness, and is a distance measurement between the peak and valley on a material surface
(An and Friedman, 1998; Teughels et al., 2006). Surface finish and smoothness are alternative
terms. A number of studies have indicated that surface roughness influences microbial
adhesion (Bollen et al., 1997; Zissis et al., 2000; Teughels et al., 2006). The impact of surface
roughness on biofilm formation can be explained by several factors: (i) the initial adhesion of
bacteria starts at locations where they are sheltered from shear forces so that they have time to
change from reversible to irreversible attachment; (ii) roughening of the surface increases the
area available for adhesion by a factor of 2–3; (iii) rough surfaces are more difficult to clean,
resulting in a rapid re-growth of the biofilm by multiplication of remaining cells, rather than
by recolonisation (Teughels et al., 2006). Surface free energy can also play a role in bacterial
adhesion and retention because high-energy surfaces collect more plaque, bind the plaque
more strongly and select specific bacteria (Quirynen and Bollen, 1995). However, studies
have shown the influence of the surface roughness can override the influence of the surface
free energy (Bollen et al., 1997). For example, hydrolysis of the silane interface between the
polymer matrix and inorganic filler particles as well as extensive wear of resin composite
fillings and other degradation processes cause an increasing surface roughness of composite
fillings. This, rather than physicochemical surface properties may explain the enhanced
plaque accumulation especially on aged composite resin dental restorations (Soderholm,
1990). Quirynen and colleagues showed that an increase in the surface roughness (Ra) of
resin strips above an Ra value of 2 µm resulted in a dramatic increase in the bacterial
colonisation of resin strips compared to smooth strips (Ra = 0.12µm) (Quirynen et al., 1990b)
and recommended a threshold Ra score of 0.2µm because above 0.2µm, a significant increase
in bacterial accumulation occurred (Bollen et al., 1997).
1.11.4.3 Surface configuration
Physical configuration of a material surface is different from surface roughness. It is a
morphological description of the pattern of a material surface, such as a monofilament
surface, a braided surface, a porous surface, or a grid-like surface, and it is a 3-dimensional
parameter routinely evaluated by scanning electron microscopy. Surface configuration
partially influences microbial adhesion due to an alteration in surface area for adhesion (An
and Friedman, 1998).
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1.11.4.4 Surface hydrophobicity or wettability
Metal surfaces have a high surface free energy and are negatively charged and hydrophilic as
shown by measurements of water contact angles, while polymers such as ultrahigh molecular
weight polyethylene or Teflon have low surface energy and are less electrostatically charged
and hydrophobic (Boks et al., 2008). Bacteria adhere differently to materials with different
hydrophobicities (An and Friedman, 1998). Hydrophilic materials are more resistant to
bacterial adhesion than hydrophobic materials. Coating substrata surfaces with proteins, such
as bovine serum albumin (BSA), bovine glycoprotein, or fatty-acid free BSA decreased
surface hydrophobicity, leading to reduced bacterial adhesion to the surfaces (An and
Friedman, 1998).
1.11.4.4.1 Serum or tissue proteins
Many serum or tissue proteins including albumin, fibronectin, fibrinogen, laminin, and
denatured collagen have been studied for their effects on bacterial adhesion (Hannig and
Hannig, 2009). They alter bacterial adhesion by binding to substrata surfaces, by binding to
the bacterial surface, or by being present in the liquid medium during the adhesion period.
When in the medium, most of the proteins inhibited bacterial adhesion, possibly by their
association with the bacterial cell surface, the material surface, or both (Hannig and Hannig,
2009). Proteins may also change the adherence of bacteria by changing bacterial surface
physicochemical characteristics.
Bacterial adhesion to a bare material of known surface free-energy can be estimated on the
basis of the interfacial thermodynamics however, adhesion to protein-coated surfaces is much
more complex (Pratt-Terpstra et al., 1989). Pellicles alter the number of adhering bacteria and
have a homogenizing effect on the surface free-energy, but protein adsorption does not fully
abolish the influence of the chemical surface characteristics (Muller et al., 2007).
1.11.4.5 Surface free-energy
An in vivo study using beagle dogs found the surface free-energy of different materials
originally ranged from 22 to 134 mJ/m2 but converged to values between 60 and 100 mJ/m2
after 30 minutes of oral exposure (van Dijk et al., 1987). It was concluded that the initial
phase of protein adsorption during pellicle formation is influenced by the surface free energy,
but that the substratum still influences biofilm formation depending on factors such as surface
tension and hydrophobicity (van Dijk et al., 1987). Materials with low surface tension are
unable to retain thick plaque deposits and at a certain thickness, the plaque peels away. This
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does not occur with surface energies of between 20 and 30 mN/m when the adsorbed proteins
yield the conformational changes required for tenacious binding to the material surface
(Baier, 2006).
1.11.4.6 Protein adsorption and composition
Protein adsorption during pellicle formation occurs on various surfaces in the mouth including
enamel, denture base materials, titanium and nickel chromium alloy (Edgerton and Levine,
1992). Many components of the acquired enamel pellicle were detected in vivo on different
restorative materials, but some differences were observed (Edgerton and Levine, 1992). In
contrast to enamel pellicles, cystatin, proline-rich proteins and low-molecular-weight mucin
were not detectable in denture pellicles by sodium dodecyl sulphate polyacrylamide gel
electrophoresis, whereas amylase, lysozyme, sIgA, albumin and high-molecular-weight mucin
were present in both (Edgerton and Levine, 1992).
Salivary protein adsorption tends to equilibrate the original differences in substratum surface
free energy and also reduces surface irregularities, however, bacterial adhesion and biofilm
formation are often found to follow the pattern expected on the basis of the original surface
free energy of a material together with the shear forces present (Baier, 2006; Hannig and
Hannig, 2009).
Although bacterial colonisation is not fully understood, it is likely that the surface
characteristics of the dental material are transmitted through the pellicle layer (Teughels et al.,
2006; Hannig and Hannig, 2009). Despite the homogenising and masking effects of the
pellicle formation on different materials, there may be conformational differences of the
adsorbed proteins. This is especially relevant for the bacterial adhesin receptors or for the
active sites of enzymes in the pellicle (Hannig and Hannig, 2009). Also, rearrangement and
desorption of external parts of the pellicle layer are thought to be a key to microbial
colonisation of different dental materials although the tenacity of the adsorbed proteins is a
result of surface properties such as wettability, electric charge and surface free energy
(Teughels et al., 2006).
An understanding of the pellicle is important for biofilm management in the oral cavity, and
knowledge of the structural and conformational changes of salivary proteins due to the
process of adsorption is important to aiding our understanding of bioadhesion at the molecular
level (Quinn et al., 2006).
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1.12 Summary
In their natural environments, most microorganisms alternate between planktonic and sessile
states in response to environmental stimuli such as the availability of essential nutrients and
the presence of shear forces. The transition to growth in a biopolymer-encased, structured
community of cells (i.e. a biofilm), that forms on a substratum surface has been the subject of
considerable study since multi-species biofilms have been shown to be important factors in
the onset of microbial disease. Microorganisms typically grow better on a surface than in an
aqueous phase because of physicochemical reactions between the microorganisms and the
surface of a substratum. Microbial adhesion to a non-shedding surface is the first step in
biofilm formation after the formation of a pellicle on surfaces including those in the oral
cavity. Biofilm formation comprises a number of physical, biological, and chemical
processes, with the relative contribution of each changing throughout biofilm development
and depending on the prevailing environmental and hydrodynamic conditions. Initial adhesion
of microorganisms appears to be influenced by a number of factors, including substratum
features such as surface roughness, and the surface free-energy of the material. The role of
human saliva in the microbial adhesion process has also been investigated. Saliva has a
physical cleaning effect and certain defense molecules, including lysozyme, histatin,
lactoferrin, calprotectin interact with microorganisms decreasing their adhesion to and
colonisation of oral surfaces. Other components in whole saliva, including mucins, statherin
and proline-rich proteins have also been reported to adsorb to C. albicans, thereby facilitating
adhesion to saliva-coated materials.
Research related to biofilms is ongoing. This is in part because biofilms contribute to a large
number of deaths as a consequence of nosocomial infections associated with medical devices.
Biofilms also contribute to resistance to antimicrobial therapy. In maxillofacial prosthetics,
biofilms are associated with a reduced lifetime of some denture prosthetic materials,
contribute to the occurrence of oral conditions such as denture stomatitis, and are associated
with systemic and local infections, including candidiasis and mucositis in the
immunocompromised. Studies that help explain how microorganisms interact with surfaces
are important. This is particularly important for individuals who are immunocompromised as
a result of maxillary cancer resection surgery and radiotherapy that may be at greater risk
from pathogenic biofilms. For this reason, an understanding of the factors that contribute to
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microbial adhesion is important to help minimise the risk of local, and systemic, infections in
patients who have a maxillary defect from cancer resection surgery.

1.13 Aims and Hypotheses
The aim of this study was to investigate microbial adhesion to, and colonisation of, maxillary
obturators and the materials used to make these prostheses. The influence of saliva on the
adhesion of bacteria and yeasts to obturator materials was also investigated.

1.13.1 Hypotheses
1. The type of biofilm (variety and numbers of microorganisms) on maxillary obturators will
vary according to the phase of prosthodontic treatment, the general health of the patient,
the material used in the obturator, and the presence of saliva.
2. Radiotherapy involving the oral tissues will alter the oral microbial flora and increase oral
mucosal infections.
3. The type of material used for the construction of obturators will influence microbial
adhesion.
4. Saliva will affect microbial colonisation of obturator materials.
5. Salivary proteins will influence microbial adhesion to obturator materials.
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2 Materials and Methods

2.1 Materials
2.1.1 General chemicals
General chemicals were analytical grade, unless otherwise specified, and were obtained from
Ajax Chemicals (Auburn, NSW, Australia); BDH (Poole, England); Gibco BRL, Life
Technologies, Inc. (Gaithersburg, MD, USA); Riedel-de Haën Ag (Germany); Sigma
Chemical Co. (St. Louis, MO, USA); or Scientific Supplies Ltd (Auckland, NZ).

2.1.2 Electrophoresis reagents
Ultrapure

agarose,

SDS

(sodium

dodecyl

sulfate),

ultrapure

Tris

(Tris

(hydroxymethyl)methylamine), ammonium persulphate, and pre-stained molecular weight
markers were obtained from Gibco-BRL. TEMED (N,N,N',N'-Tetramethylethylenediamine)
was purchased from BDH and 40 % Acrylamide/Bis-acrylamide solution (37.5:1) from BioRad Laboratories (Hercules, CA, USA). Glycine was from Ajax Chemicals.

2.1.3 Solid supports
Hybond-ECL nitrocellulose membranes were purchased from GE Healthcare UK Ltd.,
(Chalfont St Giles, UK). Scintistrip(1450-419) plates were purchased from Wallac Oy,
(Turku, Finland).

2.1.4 Radioactive materials and autoradiographic film
L-(35S)Methionine was obtained from PerkinElmer Life and Analytical Sciences, Inc.,
(Waltham, MA, USA), and (methyl-3H)Thymidine was obtained from GE Healthcare UK
Ltd. Hyperfilm™-ßmax, and Hyperfilm™-ECL (High Performance Chemiluminescence)
were obtained from GE Healthcare UK Ltd.

2.1.5 Buffers
2.1.5.1 KCl buffer
KCl buffer contained 2 mM KH2PO4, 2 mM K2HPO4.3H2O, 5 mM KCl, 1 mM CaCl2, pH 6.5.
The KH2PO4, K2HPO4.3H2O and KCl were dissolved in 800ml H2O and the pH adjusted to
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6.5; the CaCl2, was dissolved in 200 ml H2O. These two solutions were autoclaved separately
and mixed together after the solutions had cooled, to prevent CaPO4 precipitation.
2.1.5.2 Agarose gel buffer
Agarose gel buffer contained per litre, 242 g Tris, 37.2 g Na2EDTA.
2.1.5.3 Separating buffer
Separating buffer contained 18.2 g Tris (final concentration 1.5 M), 0.4 g SDS (final
concentration 14 mM) per 100 ml water, adjusted to pH 8.8 with HCl. The buffer was then
filtered through Whatman No. 1 paper and stored at 4°C.
2.1.5.4 Stacking buffer
Stacking buffer contained 6.1 g Tris (final concentration 0.5 M), 0.4 g SDS (final
concentration 14 mM) in 100 ml water, adjusted to pH 6.8 with HCl. The buffer was then
filtered through Whatman No. 1 paper and stored at 4°C.
2.1.5.5 Sample buffer
Sample buffer (10 ml stock) contained 2.5 ml stacking gel buffer, 0.2 ml 2-mercaptoethanol, 1
ml 20% (w/v) SDS, and 6.3 ml water and was stored as frozen aliquots.
2.1.5.6 Electrophoresis running buffer
Electrophoresis running buffer contained, per litre, 14.4 g glycine (192 mM), 3.03 g Tris (25
mM); 1 g SDS (3.5 mM).
2.1.5.7 Transfer buffer
Transfer buffer contained per litre: 3.03 g Tris (25 mM), 14.4 g glycine (192 mM), 200 ml
methanol (20% v/v).
2.1.5.8 Blocking buffer
Blocking buffer contained 5% (w/v) bovine serum albumin (BSA, Sigma Chemical Co) in
KCl buffer.
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2.1.5.9 Phosphate buffered saline and PBS-T
Phosphate buffered saline (PBS) contained per litre: 8.5 g NaCl (145.5 mM), 0.3 g KH2PO4
(2.2 mM), 0.6 g Na2HPO4, pH 7.5 (4.2 mM); PBS-T contained 200 ml PBS and 200 µl
Tween-20 (0.1 % (v/v)) (Bio-Rad, Hercules, CA).
2.1.5.10 Flow adhesion buffer
Flow adhesion buffer (FAB) contained per litre: 3.73 g KCl (50 mM), 0.17 g K2HPO4 (1.0
mM), 0.14 g KH2PO4 (1.0 mM), 0.14 g CaCl2 (anhydrous, 1.26 mM); pH 6.8.
2.1.5.11 Artificial saliva buffer
Artificial saliva buffer (ASB), constituted to mimic the ionic composition of saliva contained
per litre: 1.36 g KH2PO4 (10 mM); 0.29 g CaCl2·2H2O (2 mM); 1.36 g KCl (18.2 mM); 0.028
g NaSCN (0.35 mM); 0.63 mg NaF (15 µM); 2.18 g NaHCO3 (26 mM; pH 6.5); and 1 g/l
glucose (5.6 mM).

2.1.6 Protein stains
Coomassie blue R250 protein stain contained per litre: 0.2 g Coomassie blue R250
(Invitrogen, Life Technologies, Auckland, New Zealand), 400 ml methanol, 500 ml water,
and 100 ml glacial acetic acid. Coomassie destain solution contained, per litre, 200 ml
methanol, 700 ml water, 100 ml glacial acetic acid.

2.1.7 Protein assay and analysis kits
Bio-Rad Protein assay kits were purchased from Bio-Rad Laboratories (Hercules, CA, USA).
The high molecular weight gel filtration calibration kit was from Pharmacia Fine Chemicals
AB (Uppsala, Sweden).

2.1.8 Salivary protein materials
Bovine serum albumin, mucin (from bovine submaxillary gland Type 2-S), and α-amylase
(from human saliva Type XIII-A) were purchased from Sigma Chemical Co.

2.1.9 Enzymes and proteinase inhibitors
Aprotinin, benzamidine hydrochloride, and pepstatin A were purchased from Sigma Chemical
Co. Phenylmethylsulfonylfluoride (PMSF), and leupeptin were purchased from Boehringer
Mannheim GMBH (Mannheim, W. Germany). Na-metabisulphite was from Ajax Chemicals.
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2.1.10 Polymerase chain reaction materials
Molecular biology-grade nuclease-free deionised water was from Eppendorf AG (Hamburg,
Germany). The oligonucleotide primer 5’-TGCCGAGCTG-3’ (OPA-02) was from
Invitrogen. The nucleotides dATP, dTTP, dCTP and dGTP were from Roche Diagnostics
New Zealand Ltd. (Auckland, New Zealand). The MasterTaq Kit PCR reagents were from
Eppendorf AG. The DNA size markers were a 1 kb Plus DNA Ladder, purchased from
Invitrogen.

2.1.11 DNA purification
PCR and DNA fragments were purified using the Qiagen QIAquick Purification kit (Qiagen
Pty., Ltd., Clifton Hill, Victoria, Australia).

2.1.12 Obturator prosthetic materials
Denture and obturator prosthetic materials used in this study included: heat polymerized
polymethyl methacrylate (Vertex Regular and Vertex Implacryl, Vertex Dental B.V., Zeist,
The Netherlands); chair-side cold-cure polymethyl methacrylate (Kooliner, GC America, Inc.,
Illinois, USA; Vertex Castapress, Vertex Dental; and New Rimseal, Bosworth Company,
Illinois, USA); tissue conditioners (Viscogel, Dentsply; Softliner, GC America, Inc.,);
silicone-based chair-side lining material (Silagum, DMG, Hamburg, Germany); and
laboratory polymerized silicone (Molloplast-B, Bolton Dental Manufacturing, Ontario,
Canada).
2.1.12.1 Coupon manufacture
Round coupons of these materials were made using a gypsum mould with 20 patterns
measuring 5 mm (diameter) x 2 mm (thick). Where appropriate, the materials were
polymerized in the moulds according to the manufacturer’s recommendations. After removal
of the coupons from the gypsum mould, excess material was removed using a laboratory
handpiece (KaVo EWL K9) and a tapered carbide bur (GEBR Brasseler GmbH & Co KG)
prior to testing.
2.1.12.2 Preparation of obturator prosthetic materials for the parallel plate flow
chamber
A thin film of each of the obturator prosthetic materials was manufactured and attached to a
glass microscope slide measuring 75 mm x 25 mm x1 mm, using the standard gypsum mould
and the denture flasking and pressing method termed the compression moulding technique
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(Anusavice, 2009). In the lower denture flask, a microscope slide was placed flat and
embedded in the gypsum. Once the gypsum was set a second slide was placed on top of the
embedded slide and stuck down with a small amount of wax. A thin layer of Vaseline was
applied to the surface of the stone to allow easy separation of the flasks. The denture flask
was then topped with yellow stone and left to set. Once the stone had set, the flasks were
separated, giving flask halves with microscope slides embedded in the lower and opposing
upper segments of the flasks which were then gently scrubbed with dishwashing liquid and
boiling water to clean the microscope slides and remove the Vaseline. The glass slide in the
lower flask was removed and replaced with a glass microscope slide measuring 75 mm x 25
mm x 0.8 mm to which a 0.2 mm layer of obturator prosthetic material was attached
following processing. The slides were then dried and separating fluid applied to the stone
surface surrounding the microscope slides for easy separation after processing. After removal
of the material-topped slide from the gypsum mould, excess material was removed using a
laboratory handpiece (KaVo EWL K9, KaVo Dental GmbH, Biberach, Germany) and a
tapered carbide bur (GEBR Brasseler GmbH & Co KG, Lemgo, Germany) prior to testing.

2.1.13 Contact angles
The hydrophobicity of the obturator prosthetic materials was determined using the sessile
drop technique. A single drop of KCl as a sensing liquid was dropped onto an obturator
material slide (described in section 2.1.11.2) that was staged in a contact angle goniometer,
and the contact angle was measured over 75 min, on ten separate occasions. The results were
recorded using a digital camera (Canon S80, Canon Inc, Tokyo, Japan) and analyzed using
Adobe Photoshop CS2 (Adobe Systems Inc, San Jose, CA, USA). The results represent the
mean of three experiments and consist of six contact angle measurements per experiment.

2.1.14 Surface roughness
Surface roughness was measured by acquiring topographical images using confocal
microscopy then inputing a 32-bit image into ImageJ to calculate mean values of surface
roughness on ten separate occasions. Following manufacture of obturator material coupons as
described in section 2.1.12.1, the materials were polished with Wetordry Tri-M-ite (3M,
Maplewood, Minnesota, USA) abrasives of various grain sizes (Table 4) or with pumice or
pumice and tripoli.
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Table 4. Acrylic abrasives grit designation and mean grit size

Grit0designation0

Mean0grit0size/µm0

P!800!

21!±!1!

P!1000!

18!±!1!

P!1200!

15!±!1!

P!2400!

8!±!3!

Topographical images of the material surface were then acquired using a confocal microscope
(Zeiss LSM510, Carl Zeiss Microimaging GmbH, Jena, Germany) in an upright frame in
axioplane, then the 32 bit images were input into an image processing and analysis
programme (ImageJ v1.45m, NIH Image for Macintosh, Bethesda, MD, USA) and the surface
roughness calculated using an ImageJ plug-in, SurfCharJ (Abramoff et al., 2004; Chinga et
al., 2007).

2.1.15 Microbial adhesion imaging using scanning electron microscopy
Obturator materials underwent primary fixation for 2 hr in 2.5% glutaraldehyde in 0.1 M
phosphate buffer and then were washed for 10 min 3 times in 0.1 M phosphate buffer before
undergoing secondary fixation for 1 hr in 1% osmium tetroxide in 0.1 M phosphate buffer.
Samples were washed for 10 min 3 times in 0.1 M phosphate buffer and stored overnight at
4°C before being dehydrated in a graded series of 10 min ethanol (25 %, 50 %, 75 %, 85 %
and 95 %) washes before being washed for 20 min 3 times in 100 % ethanol. Samples were
then critical point dried in a Bal Tec CPD (Bal-Tec AG, Balzers, Liechtenstein) critical point
drier.
Samples were mounted on aluminium stubs using double sided carbon tape and were sputter
coated with approximately 15 nm gold palladium using an Emitech K575X Peltier-cooled
high resolution sputter coater (EM Technologies Ltd, Kent, England). Samples were viewed
in a Cambridge Instruments S360 scanning electron microscope (Cambridge Instruments,
Cambridge, U.K), fitted with a Dindima Image Slave frame grabber (Dindima Group Pty Ltd,
Ringwood, Vic, Australia).

2.2 Organisms and strains
The organisms used in this study are listed in Tables 5 and 6. Yeast cultures were stored in 1
ml of YPD media containing 15 % (w/v) glycerol, at -800C in cryovials. Bacterial cultures
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were stored in brain heart yeast extract (BHY) media containing 15 % (w/v) glycerol at 80°C.
Table 5. Yeast strains

Organism

Candida albicans

Strain

Source/Reference

ATCC 10261

American Type Culture Collection,
Manassas, VA, USA

mml 11 (hp11an*)

Commensal isolate

mml 123 (hp36bt*)

Commensal isolate

mml 137 (RIHO10*)

Oral candidiasis isolate

Clinical isolate (KLBD02)

Oro-nasal cavity patient (this study)
*strain identifier used in Schmid et al., 1995

Table 6. Bacterial strains

Organism

Staphylococcus
epidermidis

Strain

Source/Reference

ATCC 12228 (NZRM*
Accession number 1210
(batch 8))

Reference strain for antibiotic assays,
standardisation of antibiotic discs.
Media quality control strain.
Environmental Science and Research
Ltd (ESR)

ATCC 14990 (NZRM
Accession number 2205
(batch 6))

Type strain from the nose. source ESR

CDC S-59 (NZRM
Accession number 2230)

Clinical isolate

ATCC 49134 (NZRM
Accession number 3410
(batch 1))

Clinical isolate. Quality control of
Microscan® panels. source ESR

Clinical isolate (VCU116)

Clinical isolate from a maxillary
obturator prosthesis (this study)
*New Zealand Reference Culture Collection
(NZRCC) Medical Section (NZRM)

2.3 Media and growth conditions
2.3.1 General media
All media were routinely sterilised by autoclaving at 15 psi (121°C) for 20 min.
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2.3.2 Yeast media
YPD medium contained, per litre, 10 g yeast extract (Becton Dickinson (BD), Microbiology
Systems, Sparks Glencoe, MD, USA), 20 g Bacto® peptone (BD), 20 g glucose, (pH 5.7).
YPD agar was made by the addition of 20 g (2 % (w/v)) agar (Danisco NZ Ltd, East Tamaki,
NZ) to YPD prior to sterilisation. YPD chloramphenicol was made by the addition of 1 ml/1
of stock solution (200 mg chloramphenicol/ 10 ml ethanol) following autoclaving of the YPD.
Glucose salts biotin (GSB; (Holmes and Shepherd, 1988)) medium contained, per litre, 1 g
(NH4)2SO4 (7.57 mM), 2 g KH2PO4 (14.7 mM), 50 mg MgSO4·7H2O (0.2 mM), 50 mg
CaCl2·2H2O (0.34 mM), 0.05 mg biotin (Sigma Chemical Co), and 20 g glucose (111 mM),
pH 4.5.

2.3.3 Bacteria media
Brain heart infusion–yeast extract (BHY) liquid medium contained (per litre): 37 g brain heart
infusion (BD) and 5 g yeast extract (BD). BHY agar was made with the addition of 15 g agar
then autoclaved. Tryptone yeast extract (TY) medium contained 5 g tryptone (BD), 5 g yeast
extract, 4 g K2HPO4 dissolved in 987.5 ml water, then autoclaved. Following autoclaving,
12.5 ml filter sterilized 40% (w/v) glucose was added giving final concentrations in medium:
K2HPO4, 23 mM; glucose, 27.8 mM). TY-B liquid medium consisted of sterile TY and BHY
mixed aseptically 20:1 (v/v). Tryptic soy broth (TSB) agar contained, per litre, 20 g tryptic
soy broth, 5 g yeast extract, 5 g Bacto® peptone and 15 g agar and was then autoclaved. Blood
agar contained, per litre, 37 g brain heart infusion, 5 g yeast extract and 15 g agar and then
was autoclaved; 40 ml sterile horse blood was added following autoclaving and cooling of the
agar Difco Mitis-Salivarius agar was obtained from Becton Dickinson.

2.3.4 Growth of yeast and bacteria
Candida spp. cells were grown at 30°C on YEPD + chloramphenicol (C) agar plates
overnight. Cells were removed from the surfaces of the YEPD + C agar plates and
resuspended in YPD containing 15% (w/v) glycerol and stored at –80°C in 50 µl volumes.
Liquid cultures of Candida spp. were grown in GSB (50 ml in a 250 ml flask) aerobically in
an orbital shaker (250 rpm, 30°C; Model G25, New Brunswick Scientific, NJ, USA).
Staphylococcal cells were grown on BHY agar plates in a GasPak EZ anaerobic container
system (BD) at 37°C. Cells were removed from the surfaces of the BHY agar plates and
resuspended in BHY containing 15 % (w/v) glycerol and stored at –80°C in 50 µl volumes.
Liquid cultures were grown in BHY medium without aeration at 37°C.
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Cell growth of liquid cultures was determined by measuring the optical density of the
microbial suspension, compared to a medium blank. The optical densities of cultures were
measured using a UV-120-02 spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
Yeast liquid cultures were measured at λ = 540 nm and bacterial cultures at λ = 600 nm.
Culture purity was monitored by Gram staining and plating on solid media.

2.4 Microbial enumeration at prosthodontic treatment stages
Microbial swab samples were obtained between 2002 and 2010 from 15 participants at
various stages of their prosthodontics treatment. Ethics approval was obtained from the Lower
South Ethics Committee (OTA/02/05/034) (see Appendix I). Participants were informed of
the study, verbally and in writing, and written informed consent was obtained prior to their
inclusion in the study (see Appendix I). Microbial swab samples were obtained with a sterile
swab from a 1 cm2 surface of the obturator and the adjacent oronasal tissue surface. Samples
were transported in 2 ml of BHY liquid medium to the molecular microbiology laboratory
immediately after collection. All cultures were commenced within 1 hr of sampling. After
gentle dispersion, the suspensions were diluted (10-1 to 10-6) in BHY liquid medium and 100
µl of each dilution and 100 µl of the corresponding undiluted suspension were plated
immediately on non-selective media. Blood agar was used to enumerate the total cultivatable
bacterial flora and YEPD agar was used for the yeasts. For aerobic bacteria, the plates were
cultured at 37°C for 48 hr and anaerobic bacteria were cultured in an anaerobic jar for the
cultivation of bacteria with the GasPak EZ anaerobic container system (BD) at 37°C. Yeast
cells were grown at 30°C on YEPD agar plates overnight. After incubation, total microbial
colony counts were determined by enumeration of colonies on the plate containing dilution of
sample yielding 20 to 200 colonies.

2.5 Microbial identification
2.5.1 Bacteria
2.5.1.1 Randomly amplified polymorphic DNA polymerase chain reaction (RAPD
PCR)
Samples were taken from dental obturators and the adjacent tissue surface with sterile swabs.
The swabs were agitated in 2 ml of BHY and the cell suspension was then serially diluted by
10-fold steps. Portions (100 µl) of each dilution (to 10-4) were plated on Mitis-Salivarius agar
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and the agar plates incubated at 37°C for 3 days under anaerobic conditions. Twenty bacterial
colonies were randomly selected from each sample, patched onto TSB agar and re-incubated
at 37°C for 3 days. Small amounts of bacterial growth from each patch were removed with a
sterile toothpick and suspended in 50 µl of molecular biology-grade nuclease-free deionised
water.
The oligonucleotide primer 5’-TGCCGAGCTG-3’ (OPA-02, Invitrogen), was used in RAPD
PCR technique based on the method of Li and Caufield (1998), except that the template DNA
was released by lysis of bacteria during the initial denaturation step of the PCR protocol
rather than by enzymatic and chemical treatment of the cells as described by Li and Caufield
(1998). Reactions (25 µl) contained bacterial suspension (2.5 µl), MgCl2 (4 mM), dNTP
mixture (200 µM), Taq polymerase (1.25 units), and primer (4 µM). Each RAPD-PCR
experiment included a negative control containing all reagents except the bacterial
suspension. Samples were initially denatured by heating at 94°C for 2 min followed by 35
amplification cycles of denaturation at 94°C for 30 sec, annealing at 36°C for 1 min,
extension at 72°C for 2 min, followed by a final polymerization step at 72°C for 10 min. The
resulting amplicons were resolved by agarose electrophoresis as follows.
A 0.8% agarose gel was prepared with 0.64 g agarose in 80 ml of agarose gel buffer, and
heated until boiling. The gel was poured into an agarose gel tray and a 20-tooth comb used to
make the wells. Sample dye (3 µl) was added to a 10 µl portion of each PCR reaction and
loaded into gel wells. The gel was run at 100 mV for approximately 90 min. The migration of
DNA bands was measured relative to DNA size markers (1 kb Plus DNA Ladder, Invitrogen).
Gels were then stained with ethidium bromide to show the positions of the DNA bands. The
gel was submerged in ethidium bromide solution (5 µg/ml H2O) and incubated at room
temperature in a closed box with gentle agitation for approximately 20 min. The gel was
destained by rinsing in H2O and photographed on a UV transilluminator. The sizes of DNA
bands were calculated relative to the migration of the 1 kb DNA size markers.
2.5.1.2 DNA purification for sequencing
The PCR products were purified using the QIAquick Purification kit (Qiagen Pty., Ltd.) and
the DNA prepared for sequencing using the DNA Sequencing Protocol (BigDye Terminator
3.1 Cycle Sequencing kit, Applied Biosystems, Foster City, CA, USA). Template purification
was carried out as follows. The DNA sequencing reaction (10 µl) contained R-mix (Applied
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Biosystems) (0.5 µl), 5 x buffer (Applied Biosystems) (2 µl), primer (3.2 µM (1 µl)), purified
DNA template sample (50 ng), H2O to bring volume to 10 µl; template quantification was
calculated using gel electrophoresis. Sequencing reaction preparations were initially heated to
94°C for 40 sec, followed by 25 cycles at 94°C for 10 sec, 50°C for 5 sec, followed by a final
polymerization step at 60°C for 4 min. The DNA in the sequencing reaction was then
precipitated as follows. To the 10 µl sequencing reaction, 1 µl 3M sodium acetate, 1 µl 125
mM EDTA and 25 µl 100% ethanol was added. This was left at room temperature for 5 min,
centrifuged at 13,000 rpm (4oC, 15 min), the supernatant was aspirated, and the pellet washed
with 100 µl 70% ethanol, the supernatant aspirated, and the pellet allowed to dry and was then
sent to the Allan Wilson Centre for Molecular Ecology and Evolution (Massey University,
Palmerston North, New Zealand) for sequencing.

2.5.2 Yeast
Yeast were identified using the chromogenic agar, CHROMagar Candida (Fort Richard
Laboratories, Auckland, New Zealand). Swab samples were first incubated for 2 days at 30°C
on YEPD + C agar and were then incubated for 2 days at 30°C on CHROMagar Candida
before the colonies were presumptively identified by their colour according to the
manufacturer’s instructions. CHROMagar Candida identifies C. albicans (green), C.
tropicalis (blue) and C. krusei (pale rose) based on colony colour formed from a chromogenic
substrate by yeast hexosaminidase activity (Odds and Bernaerts, 1994; Beighton et al., 1995;
Williams and Lewis, 2000).

2.5.3 DNA Checkerboard
Microbial identification was also achieved by checkerboard DNA:DNA (CKB) analysis of 40
cultivatable ecologically important microbial species (Socransky et al., 2004) with a focus on
oral microorganisms found in the mouth and nose (Aas et al., 2005; Marsh and Martin, 2009).
For CKB analysis, genomic DNA from 40 key microbial species was hybridized to DNA
extracted from 40 individual swab samples in 0.25 M NaOH/0.5 x TE (TE is 20 mM Tris-Cl,
1 mM EDTA, pH 8.0) per membrane as previously described (Wall-Manning et al., 2002;
Socransky et al., 2004;). Swab samples were collected by swabbing the oral cavity with a
sterile disposable brush applicator (SDI Corp., Baywater, Victoria, Australia) and placing the
applicator in a 1.5 ml screw cap tube (Scientific Specialities Inc. Lodi, CA, USA) containing
0.25 M NaOH/0.5 x TE solution. The five oral sites swabbed were the obturator, the tissue
immediately adjacent to the obturator swab site, the palatal fitting surface of the obturator
prosthesis, the adjacent palatal tissues and the mid dorsum of the tongue. The samples were
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submitted to the Dental Research Group, University of Otago Wellington School of Medicine
(Wellington, New Zealand) for CKB analysis. Triplicate samples of homogenized sample
(0.125 mg), and DNA standards (equivalent to 105 and 106 cells/ml of each species in the
probe panel) were denatured (96°C for 5 min), neutralized and deposited using a multichannel
immunoblotter (Immunetics Inc., Boston, MA, USA) onto a positively charged nylon
membrane and UV cross-linked. The DNA standards were a mixture of all probe species in
200 µl of 0.25 M NaOH-0.5 x TE. The probes were prepared from whole-genome DNA by
random-primed DIG-labelling (Roche Diagnostics GmbH, Basel, Switzerland)) and cross
hybridized with the 40 DNA lanes with the limit of detection set to 104 cells. The closelyrelated species Prevotella intermedia and Prevotella nigrescens cross-react strongly so a
50:50 mixed probe was used. After a stringency wash, the mixed probe hybrids were detected
using anti-DIG alkaline phosphatase-linked antibody with CDP- Star chemiluminescent
substrate (Roche Diagnostics), and digital images taken (Chemigenius II, GeneSnap software,
Syngene, Cambridge, England). The hybrids were quantified by comparison to the internal
DNA standards using software gifted by Dr. S. Socransky (Forsyth Institute, Boston, Mass.,
USA) and expressed as a percentage of the total hybrids detected.

2.6 Radiolabelling of yeast cells
GSB cultures (50 ml in 250 ml flask) were inoculated with C. albicans and incubated at 30°C
with shaking for approximately 16 hr until they reached a cell concentration of 2.0 x 106 cells
ml-1 (as determined by measuring OD540 using a spectrophotometer and reference to a
standard curve). C. albicans cells were then radiolabelled by adding 2 µl (20 µCi; 1,175
Ci/mmol) (35S)methionine per 50 ml culture and incubating at 30°C for a further 2 h. Cells
were harvested by centrifugation (1500 g, 5 min) and washed twice with KCl buffer before
being resuspended in KCl buffer at a concentration of 1.1 x 106 cells ml-1, determined by
OD540 measurement.

2.7 Radiolabelling of bacterial cells
Staphylococcal cell cultures (3 ml; two full microfuge tubes) were grown in TY medium
containing (methyl-3H)-thymidine (85 Ci/mmol; 10 µl, 10 µCi, added to each tube) at 37°C
for 16 h. Cells were then harvested by centrifugation (4,000 g, 5 min) and washed twice in
KCl buffer by centrifugation before resuspending at the final cell concentration of 3.0 x 108
cells ml-1, determined by OD600 measurement, as described for yeast cells in section 2.6.
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2.8 Collection of saliva
Ethical approval (Lower South Island Ethics Committee reference 02/05/034) and participant
consent were obtained prior to the collection and analysis of saliva samples.
Saliva was collected from six healthy volunteer controls at least one hour after eating,
between 9:00 and 10:00 am (unless otherwise stated). The same donors (two female and four
male) were used throughout the course of this study. Saliva wash samples were collected from
the same donors as well as from study patients who had received head and neck radiotherapy
and had poor saliva flow and/or saliva with high mucin content. These samples were obtained
by rinsing the mouth for 30 sec with food grade water (20 ml) before collection into a 50 ml
Falcon tube on ice.
Individual saliva samples were either kept separate or equal volumes from each donor were
pooled. Saliva was clarified by centrifugation (12,000 g, 4°C, 15 min) and the supernatant
was mixed with an equal volume of KCl buffer. Proteinase inhibitors were added
(SigmaFAST, Sigma Chemical Co.) and either stored on ice, or kept at -20°C.

2.9 Protein concentration determination
Protein concentrations were estimated using a Bio-Rad protein assay kit, based on the method
of Bradford, (1976). Briefly, 200 µl portions of diluted Bradford reagent (1:4 dH20) were
added to 20 µl protein samples in microtitre plate wells. Samples were analysed in triplicate.
Plates were incubated at 20°C for 5 min and the absorbance at λ = 590 nm measured on a
BIO-TEK EL340 microplate reader (BIO-TEK Instruments Inc., Winooski, VT, USA).
Protein concentrations were calculated using a standard curve prepared for bovine γ-globulin
using Deltasoft 3 software (BioMetallics Inc., Princeton, NJ, USA). This method of
quantification was employed because of its speed, sensitivity and ease of use.
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2.10 Protein separation
2.10.1 Elution of bound saliva proteins
For elution of saliva proteins bound to obturator prosthetic material disks, three replicate
disks, prepared as described in Section 2.1.12.2 were first pre-treated with saliva to mimic in
vivo conditions. The disks were submerged in 1 ml of saliva (or saliva wash or a control
solution (KCl buffer)) such that both faces of the disk were covered and rotated (9 rpm, endover-end) at 20°C for 2 hr. The saliva was then removed and retained for analysis, and the
saliva-coated disks washed three times with KCl buffer (1 ml) before treating with SDSPAGE sample buffer (200 µl) at 80°C for 10 min. The saliva (or saliva wash) and depleted
saliva protein samples (saliva or saliva rinse) were each mixed with equal volumes of SDSPAGE sample buffer prior to loading them on an SDS polyacrylamide gel for electrophoresis
and staining as described in section 2.10.2.

2.10.2 SDS polyacrylamide gel electrophoresis
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the
method of Laemmli (1970). Duplicate 10% base gels were prepared with 3 ml separating
buffer, 3 ml acrylamide–bis solution (40%, 37.5:1; Bio-Rad, Hercules, CA), 6 ml deionised
water, 60 µl 10% (w/v) ammonium persulfate and 8 µl tetramethylethylenediamine (TEMED;
Bio-Rad). Once the base gel had set, a stacking gel containing 1 ml stacking gel buffer, 0.5 ml
acrylamide, 2.5 ml deionised water, 30 µl 10% ammonium persulfate and 2 µl TEMED was
poured over the stacking gel and allowed to set. Protein samples (saliva or saliva rinse) were
mixed with equal volumes of SDS-PAGE sample buffer and 10 % (v/v) loading dye
(contained in 10 ml: 50 mg bromophenol blue, 3 ml dH20, 10 µl 1 M NaOH, and 7 ml
glycerol), vortexed, and heated (10 min, 80°C) prior to loading onto the stacking gel (15 µg
total protein per lane). Unless otherwise stated, separating gels were 10%T (total
concentration of monomer (acrylamide plus bisacrylamide)). Running conditions for the gels
(14 x 13.5 x 0.1 cm) were 100 mV for approximately 90 min in electrophoresis running buffer
until the bromophenol blue reached the bottom of the gel. The apparent relative molecular
mass of proteins was estimated using prestained protein markers (PageRuler™ Plus
Prestained Protein Ladder (10 - 250 kDa), Fermentas International, Ontario, Canada).
One gel was then stained using Coomassie blue staining as described in section 2.11.1 to
show the positions of the individual protein bands and the replicate gel was used for
electroblotting.
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Gel-banding patterns were recorded by digital photography on a light box and protein bands
quantified using commercially available computer programmes (Fovea Pro 4 (Reindeer
Graphics, Inc., Asheville, NC, USA) which operates in the Photoshop CS2 (Adobe Systems,
San Jose, CA, USA) environment on Apple computers).

2.10.3 Electroblotting
Electrophoretically separated proteins were electroblotted onto nitrocellulose (Hybond ECL,
GE Healthcare) according to the method of Towbin et al. (1979). Nitrocellulose membranes
were pre-wetted in transfer buffer prior to assembly into the BioRad electrotransfer sandwich
cassette in the following order: sponge pad, 3MM paper wetted in transfer buffer, gel,
nitrocellulose, 3MM paper, and second sponge pad. The assembled cassette was placed in the
electroblot apparatus containing transfer buffer and an ice pack and run in a cold room (4°C)
at a voltage of 100 mV for 90 min. The nitrocellulose membranes were stored semi-wet in
plastic-wrap at 4°C until use. The electroblotted gels were stained with Coomassie blue to
confirm electrotransfer of proteins.

2.11 Protein visualisation methods
2.11.1 Coomassie blue staining
Electrophoretically separated proteins in SDS-polyacrylamide gels were visualised by
staining with 0.1 % (w/v) Coomassie brilliant blue R250 in 50% (v/v) methanol, 10% (v/v)
acetic acid (Cleveland and Richardson, 1977) for at least 1 hr at room temperature on a
reciprocal shaker (50 – 60/min). Gels were then destained by incubation in 5% (v/v)
methanol, 10 % (v/v) acetic acid for 1 hr (or longer if necessary), at room temperature, on a
reciprocal shaker (50 – 60/min).
Gels were photographed on a light box using a Canon G5 PowerShot camera (Canon Inc,
Tokyo, Japan).

2.11.2 Silver staining
Electrophoretically separated proteins in SDS-polyacrylamide gels were also visualised by
staining with 0.1% (w/v) silver nitrate (Morrissey, 1981). The gel was incubated in Fix 1
(containing 50% methanol and 10% acetic acid) for 30 min at 20°C on a reciprocal shaker (50
– 60/min), rinsed in distilled water then agitated on a reciprocal shaker for 30 min in Fix 2
(containing 5% methanol and 7% acetic acid), prior to rinsing in a solution of DDT (5 µg/ml)
!

85

for 30 min on a reciprocal shaker and then in a 0.1% (w/v) solution of silver nitrate for 30 min
on a reciprocal shaker. The gel was then washed in 50 ml developer (containing per litre, 30 g
(3%) anhydrous Na2Ca3 in distilled water and 500 µl 37% formaldehyde) and the colour
development was stopped with the addition of 2 ml citric acid (2.3 M).
Gels were photographed on a light box using a Canon G5 PowerShot camera (Canon Inc.).

2.12 Western blot analysis
Proteins in saliva or C. albicans cell wall extracts were electrophoretically separated in
polyacrylamide gels and immobilised onto nitrocellulose membranes as described in sections
2.10.2 and 2.10.3 respectively. Specific immobilised antigens were then detected using the
enhanced chemilluminescence detection (ECL) method. ECL Western Blotting (Amershan
UK) is a light-emitting non-radioactive method for detection of antigens, using horseradish
peroxidase-labelled antibodies (Whitehead et al., 1979). Electrophoretically separated
proteins were electroblotted onto Hybond ECL nitrocellulose membrane (as described in
Section 2.9.3). Non-specific binding sites on the membrane were blocked by incubation with
'Megablock' (10 % (w/v)) skimmed milk/0.3% (v/v) Tween 20-PBS (500ml)) at 20°C for 45
min with shaking. The primary antibody was diluted (1:10,000 for anti-PSP, 1:1,000 for antihuman IgA) in Megablock solution, added to the blocked membrane and incubated at 20°C
for 2 h. The membrane was washed with Megablock solution three times for 5 min. The
secondary antibody (horseradish peroxidase-conjugated alpha anti-rabbit antibodies diluted
1:1000 in Megablock) was added and incubated at 20°C for 90 min. The membrane was
washed with Megablock solution twice (5 min each) then washed in PBS twice (5 min each)
and removed. The membrane was incubated for 1 min in a detecting reagent solution that
contained in 25 ml 0.1M Tris, 60 µl Soln A (5.5 mg Luminol + 60µl DMSO), 10µl Soln B
(2.8 mg p-coumaric acid + 100 µl DMSO) and 7.7 µl 30% H2O2 that was mixed immediately
prior to use. The detecting reagent was removed and the membrane was covered with clear
plastic film. Emitted light was detected by exposing the blot to Hyperfilm ECL for between
10 to 60 sec.
Membranes were stripped by placing them in a stripping buffer (containing per litre, 20 g
SDS, 7.5 g Tris, pH to 6.7 with HCl, then adding 3.75 ml 2-mercaptoethanol) and agitating
occasionally for 30 min in a 50°C waterbath prior to antibody re-probing.
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2.13 Solid phase adhesion assays
2.13.1 Microbial radiolabel adhesion assay
The adherence of radiolabelled yeast or bacteria cells to saliva pre-treated obturator prosthetic
materials was measured based on a method described by Cannon et al. (1995).
Small moulded coupons of obturator prosthetic material, prepared as described in section
2.1.12.1 were pre-treated with saliva to mimic in vivo conditions. The disks were submerged
in 1 ml of saliva (or saliva wash, protein (mucin, BSA), salivary enzyme (α-amylase) or a
control solution (KCl buffer)) such that both faces of the disk were covered, and rotated (9
rpm, end-over-end) at 20°C for 2 hr. The liquids were aspirated, the disks washed three times
with KCl buffer (1 ml) and then incubated with either radiolabelled C. albicans cells (1 ml,
1.1 x 106 cells ml-1 KCl buffer as described in section 2.5) or radiolabelled S. epidermidis
cells (1 ml, 3.0 x 108 cells ml-1 in KCl buffer as described in section 2.6) at 20°C, 9 rpm, (endover-end) for 2 h. The supernatant was aspirated and the disks washed three times with KCl
buffer (1 ml) to remove unattached or loosely attached cells. The obturator prosthetic material
disks and adherent cells were then transferred to fresh microfuge tubes containing 1 ml
scintillation fluid (Optiphase scintillation fluid, Wallac Oy, Turku, Finland) and the
radioactivity associated with the disks measured using a scintillation counter (1450 MicroBeta
TriLux Scintillation counter; LKB, Wallac Oy, Turku, Finland).

2.13.2 Blot overlay assays
A blot overlay assay using the proteins electroblotted onto nitrocellulose membranes as
described in section 2.9.3 was carried out using a modification of the method of Prakobphol et
al. (1987). The non-specific protein-binding sites on the nitrocellulose membrane were
blocked in blocking buffer at room temperature with reciprocal shaking (50–60/min) for 2 hr.
The blot was then washed with 50 ml KCl buffer, then submerged in KCl buffer (30 ml)
containing radiolabeled yeast cells (see section 2.5) at 1.1 x 107 cells/ml and incubated at 4°C
with reciprocal shaking (50–60/min) for 16 hr.
The membrane was then washed four times (1 min) with 40 ml PBS-T with gentle side-toside manual agitation to remove non-specifically bound yeast cells, before removing the blot
with tweezers and air-drying on blotting paper prior to detection of radioactivity by
autoradiography using exposure to X-ray film sensitive to

35

S radiation (Hyperfilm βmax,

Amersham).
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2.13.3 Adhesion of C. albicans and S. epidermidis to obturator prosthetic
materials under flow conditions
Microbial adhesion and coadhesion can be studied quantitatively in a parallel plate or other
flow chamber device allowing in situ observation. A variation of the technique described by
Sjollema et al. (1990) and Bos et al. (1994) was used.
C. albicans were grown in YPD (50 ml in 250 ml bottle) at 30°C for 18 hr then washed twice
in flow adhesion buffer (FAB) before resuspending cells to a concentration of 1.1 x 106 cells
ml-1, prior to circulation through the flow chamber. S. epidermidis cells were grown in BHY
(50 ml in 250 ml bottle) at 37°C for 18 hr then washed twice in flow adhesion buffer (FAB)
before resuspending cells to a concentration of 3.0 x 108 cells/ml, prior to circulation through
the flow chamber.
Following assembly of the prosthesis material (section 2.1.12) in the stainless steel flow
chamber (dimensions: 1 x W x H = 200 x 42 x 10 mm, University of Groningen, Groningen,
The Netherlands), the chamber was mounted on the stage of the microscope (Olympus IMT-2
inverted phase contrast microscope, Olympus, Tokyo, Japan) with a 10x objective lens
(Olympus WHK 10x/20L) for observation of yeasts producing a field of view of 20 mm2 and
an ultralong working distance 40x objective lens (Olympus ULWD-CD Plan 40) for
observation of bacteria producing a field of view of 0.5 mm2. Initially, FAB only was recirculated using a dual-channel variable speed pump (Monostat Vera varistatic pump, ColeParmer, Vernon Hills, Illinois, USA) through 0.89 mm diameter tubing at a rate of 0.9 ml/min
for 15 min. FAB containing the bacterial suspension was then re-circulated through the flow
chamber for 2 hr enabling bacteria to adhere to the obturator material. Photographic images of
the center region of the substratum were taken every minute to measure adherence to the
obturator material. Deposition of bacteria was recorded with a Nikon D70s digital SLR
camera (Nikon Corporation, Tokyo, Japan) mounted on the microscope. After 2 hr, flow was
switched to FAB only for 30 min to remove non-adhering bacteria, with continued
photography each minute. The chamber was then drained thus passing an air–liquid interface
over the substratum surface and the adhering microorganisms. Pre- and post-drainage images
were compared to determine the number of bacteria that were detached by the surface tension
force resulting from the passage of the air–liquid interface.
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All experiments were performed at room temperature in triplicate with separate bacterial
cultures. To determine the influence of saliva on the rate of bacterial adhesion, the obturator
prosthetic material slide was incubated with clarified whole saliva diluted 50% in KCl buffer
for 2 hr prior to mounting in the flow chamber.
The number of microorganisms adhering to the bottom plate of the flow chamber in the
digital photographs was measured using image analysis software (Fovea Pro 4 (Reindeer
Graphics, Inc. operating in the Photoshop CS2 (Adobe Systems) environment on Apple
computers). The images of the adhering bacteria were discriminated from the substratum
background by a single grey value threshold yielding a binary black and white image and the
number of adhering bacteria in each image was counted using the software. The deposition
rate was calculated based on the number of microorganisms adhering per unit time and per
unit area.
Control experiments were conducted with bacteria adhering to bare glass.

2.13.4 Aggregation of S. epidermidis with mucin and α-amylase
S. epidermidis cells (1 ml, 3.0 x 108 cells ml-1 in KCl buffer as described in section 2.7) were
incubated at 20°C, 9 rpm, (end-over-end) for 2 hr in 1.0 mg/ml mucin or BSA for microscopic
examination of the aggregation of bacteria. A 20µl sample was placed on a glass slide and
allowed to airdry. The slides were then stained with Gram stain and examined
microscopically. This was repeated with 1.0, 0.1 and 0.01 mg/ml mucin to determine whether
aggregation occurred with lower concentrations of mucin.

2.14 Mass spectrometry
2.14.1 Preparation of proteins
Following protein separation using SDS polyacrylamide gel electrophoresis and Coomassie
blue staining as described in section 2.11.1, protein samples in acrylamide gel slices were
submitted to the Centre for Protein Research, Department of Biochemistry, University of
Otago for electrospray ionisation (ESI) mass spectrometry (MS).

2.14.2 ESI MS
ESI MS was performed using a LTQ-Orbitrap XL hybrid mass spectrometer (Thermo
Scientific, San Jose, CA).
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The protein bands were subjected to in-gel digestion with trypsin using a robotic workstation
for automated protein digestion. The protocol for automated in-gel digestion is based on the
method of Shevchenko et al. (1996). The eluted peptides were then dried using a centrifugal
concentrator and re-solubilised in 1% (v/v) acetonitrile, 0.2% (v/v) formic acid in water and
injected onto an Ultimate 3000 nano-flow LC-System (Dionex Co, CA) that was in-line
coupled to the nano-electrospray source of the LTQ-Orbitrap XL hybrid mass spectrometer.
The analysis in a mass range between m/z 300-2000 was performed in the Orbitrap mass
analyser with a resolution of 60,000 at m/z 400 and an AGC target of 2e5. Peptides were
separated on an in-house packed emitter-tip column (75 µm ID fused silca tube packed with
C-18 material on a length of 8-9 cm) by a gradient from 1% (v/v) acetonitrile, 0.2% (v/v)
formic acid to 80% (v/v) acetonitrile, 0.2% (v/v) formic acid in water at a flow rate of 200300 nl/min. The strongest 5 signals were selected for CID (collision induced dissociation)MS/MS in the LTQ ion trap at a normalised collision energy of 35% using an AGC target of
1e5 and two microscans. Dynamic exclusion was enabled with 2 repeat counts during 30 sec
and an exclusion period of 180 s. Exclusion mass width was set to 0.01.
Protein identification from the MS data was carried out using a Mascot search against the
SWISS-PROT amino acid sequence database (Perkins et al., 1999). The search was for full
tryptic peptides with a maximum of 4 missed cleavage sites. Carboxyamidomethyl cysteine,
oxidized methionine, pyroglutamate were included as variable modifications. The precursor
mass tolerance threshold was 10 ppm and the maximum fragment mass error was 0.8 Da.

2.15 Statistical analysis
Statistical analysis was carried out using the SPSS (Statistical Package for the Social
Sciences) statistical package PASW (Predictive Analytics SoftWare) Statistics version 18 for
Mac, and the levels of statistical significance were set at P < 0.05. The association between
continuous dependent variable was tested for significance using paired t-tests. To test for
significance between multiple groups with one variable, a one-way ANOVA was used, and to
test for significance between multiple groups with multiple variables, a two-way ANOVA
was used. Where a statistically significant difference existed, one-way ANOVA was
performed to determine which individual groups were significantly different.

!

90

3 Microbial analysis during maxillofacial prosthodontic
treatment

3.1 Introduction
Most acquired palatal defects are precipitated by resection of neoplasms of the palate and
paranasal sinuses, the most common being pleomorphic adenomas, squamous cell
carcinomas, and adenoid cystic carcinomas (Beale and Garrett, 1983; Futran and Mendez,
2006; Kalavrezos and Bhandari, 2010; Zini et al., 2010). In those patients having their
maxillary defect restored prosthodontically, following tumour resection surgery, the resulting
oronasal communication will expose the obturator prosthesis to a microflora that is different
to that of the conventional partial and complete denture wearer. Streptococci are the most
common bacteria found in the intact oral cavity (Marsh and Martin, 2009). Following a
maxillary resection, obturator materials are also exposed to microorganisms of the nose and
sinus. These include Staphylococcus spp., as well as corynebacteria, Haemophilus spp. and
neisseriae (McCracken and Land, 1997). This altered microflora, in individuals who are
immunocompromised from cancer therapy, and in an environment that facilitates potentially
virulent biofilm formation because of altered commensal flora, diet and saliva production,
places these patients at risk of prosthesis-related infections (Wargo and Hogan, 2006; PereiraCenci et al., 2008). Such prosthesis-related infections can contribute to systemic bacterial and
candidal infections, which in the immunocompromised patient, can occasionally result in the
need for hospital admission to control local and systemic infections (Wargo and Hogan, 2006;
Varricchio et al., 2010). Patients receiving radiotherapy have an additional risk of
opportunistic infection (Vissink et al., 2003a; Vissink et al., 2003b; Sonis, 2007) with the
colonised prosthesis potentially functioning as a reservoir of infection (Nikawa et al., 1998;
Nikawa et al., 2001a).
Factors contributing to adhesion to the prosthesis surface include surface roughness (Bollen et
al., 1997; Baier, 2006; Teughels et al., 2006), surface free energy (Quirynen and Bollen,
1995; Teughels et al., 2006), surface hydrophobicity (Boks et al., 2008), and surface chemical
composition (Busscher et al., 2010), and the influence of these factors may be altered by the
salivary pellicle (Cannon et al., 1995; O'Sullivan et al., 2000; Hannig and Hannig, 2009). This
will be investigated further in later chapters.
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For a particular oral surface, different microbial species and strains adhere differently; this
may be explained by the different microbial physicochemical characteristics that vary
between species and strains (Busscher et al., 2010). In dentistry, there have been numerous
studies on the adhesion of C. albicans to denture acrylic resin (Chandra et al., 2001; Waltimo
et al., 2001 Makihira et al., 2002; Serrano-Granger et al., 2005; He et al., 2006; Moura et al.,
2006; Avon et al., 2007; Nevzatoglu et al., 2007; Pereira-Cenci et al., 2007; Pereira-Cenci et
al., 2008; Busscher et al., 2010; de Oliveira et al., 2010). Denture soft-lining materials, and
other silicone materials used in maxillofacial and voice prostheses are also susceptible to
microbial colonisation, reducing the lifetime of these prostheses (Nikawa et al., 2001a;
Nikawa et al., 2001b; Holmes et al., 2006; Nevzatoglu et al., 2007). Associated with Candida
colonisation is an increased incidence of denture stomatitis, the most common iatrogenic
disorder associated with denture wearing (Budtz-Jorgensen, 1974; Arendorf and Walker,
1987; Pereira-Cenci et al., 2008). The aetiology of denture stomatitis is multifactorial. These
factors include tissue coverage from a close fitting denture base, denture trauma, continuous
denture wearing, reduced salivary flow, denture cleanliness, age of the denture, smoking,
dietary factors, pH of denture pellicle and type of denture base material such as polymethyl
methacrylate (PMMA), silicone and self-cure acrylic (Webb et al., 1998a; b; Nikawa et al.,
2001a; Kulak-Ozkan et al., 2002). Large numbers of Candida cells on the fitting surface of
the denture and the acid production by the yeasts are also important factors in the
pathogenesis of denture stomatitis through direct cytotoxicity, secretion of acid proteinase and
phospholipase produced by these yeasts (Pereira-Cenci et al., 2008). Fungal growth can also
be detected on silicone dental base materials such as Molloplast-B, as well as other soft lining
materials (Makila and Hopsu-Havu, 1977; Nevzatoglu et al., 2007).
Denture stomatitis is usually relatively mild, but infection can spread giving glottis,
pharyngeal and gut colonisation, especially in immunocompromised individuals (Seneviratne
et al., 2008a; Thein et al., 2009). This is a consideration during the prosthodontic
rehabilitation phases of treatment when restoring a maxillary resection defect. While a
surgical obturator may be in place for 10 to 21 days, an interim obturator may be worn for
many months including during adjunct radiotherapy, and deterioration and/or colonisation of
the obturator may affect the local tissue health, and potentially the general health of an
already immunocompromised patient. For patients requiring adjuvant chemotherapy and/or
radiation therapy, the presence of microorganisms, especially gram-negative bacteria and
fungal species may be responsible for the development of indirect mucositis (McIlroy, 2007;
Sonis, 2007). Oral mucositis can result in pain and discomfort and an inability to tolerate food
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or fluids and may also limit a patient’s ability to tolerate either chemotherapy or radiation
therapy, resulting in dose-limiting toxicity and drastically affecting cancer treatment and
outcome (Clarkson et al., 2010; Raber-Durlacher et al., 2010). Other oral effects of
radiotherapy include alteration in taste and olfaction (Sandow et al., 2006; Mirza et al., 2008;
Epstein and Barasch, 2010), oedema (Vissink et al., 2003a), and salivary output (Grundmann
et al., 2009). When conventional radiation therapy is given, and all the major salivary glands
are within the radiation clinical field, mean salivary output can be reduced by between 86% to
93% (Grundmann et al., 2009). Salivary gland tissue changes can become irreversible and, at
doses above 55 Gy there is little recovery of function or saliva volume (Roesink et al., 2001).
Changes in volume, viscosity, pH, and the inorganic and organic constituents of saliva are
manifest following radiation of major salivary glands (Grundmann et al., 2009). In the
radiated patient, investigators have found that there is a relative reduction in the amount of
low molecular weight salivary proteins such as acidic PRP (Hannig et al., 2006) but the
concentration of immunoglobulins and lysozyme are higher after radiation therapy. The total
daily output of saliva is reduced however, resulting in a significant immunoglobulin deficit,
sufficient to create oral flora changes (Brown et al., 1976; Valdez et al., 1993; Almstahl et al.,
2001). Numerous studies have documented pronounced population shifts in the oral
microflora upon radiation treatment (Llory et al., 1971; Brown et al., 1975; Keene et al.,
1981; Keene and Fleming, 1987; Epstein et al., 1991; Leung et al., 2001; Vissink et al.,
2003b; Dahlen et al., 2009). Among aerobic organisms, significant increases occur in the
relative number of S. mutans and Lactobacillus at the expense of S. sanguis, Neissieria, and
Fusobacterium; among anaerobic organisms, increases have been noted in Actinomyces
populations. Colonisation by Candida species also increases during radiotherapy (Leung et
al., 2000; Jham et al., 2007; Dahlen et al., 2009; Lalla et al., 2010). These changes predispose
patients to fungal infections, caries and periodontal disease that may lead to more serious
bony infections such as osteoradionecrosis, and substantially diminish quality of life (Vissink
et al., 2003b; Dodds et al., 2005;Dirix et al., 2006). Increased viscosity and reduced flow of
saliva also contribute to poor tolerance of removable prostheses and an increased risk of
mucosal perforation, particularly in patients using mandibular dentures (Beumer et al., 1976).
The aim of this part of the study was to investigate oral colonisation by Candida and aerobic
and facultatively anaerobic microorganisms in patients referred for restoration of maxillary
defects with an obturator prosthesis.
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3.2 Patients and sampling stages
Between 2002 and 2010, 15 patients requiring an obturator prosthesis had swabs taken at
various times in their treatment. Ethics approval was obtained from the Lower South Ethics
Committee (OTA/02/05/034). Of the 15 patients, 7 were male. The average age of the patient
was 62 ± 12 years; the average age of the males was 66 ± 13 years (range 51 to 90) and the
average age of the females was 59 ± 11 years (range 45 to 74). Patient details are summarised
in Table 7. The timing of swabbing depended on whether the patient was first seen by a
prosthodontist prior to surgery with a newly diagnosed tumour requiring resection, or required
a remake of an existing obturator prosthesis (Table 8). Obturator prostheses were relined
annually or remade as clinically indicated. Following this, participants had swabs taken 1
week after the reline (or delivery of a new definitive obturator), and at 1, 3, 6 and 12 months
at which time the obturator would be reviewed and either relined or remade. This sequence of
follow-up and swab-taking was then repeated annually until the patient was lost to follow-up.

Table 7. Patient details and number of swabs during scheduled treatment and/or follow-up
First+
attended+

XRT**+dose+
and+year+
received+

Number+
of+swabs+

Squamous(cell(CA(left(alveolar(ridge((2002)(

2002(

72(Gy((2002)(

23(

M(

Adenoid(cystic(CA(left(maxilla((2008)(

2008(

70(Gy((2008)(

23(

73(

F(

Cleft(palate(

2005(

x(

28(

JC+

48(

F(

Adenoid(cystic(CA(mid(palate((2005)(

2005(

72(Gy((2005)(

43(

AC+

90(

M(

Cleft(palate(

2003(

x(

39(

BD+

58(

M(

Adenoid(cystic(CA(right(maxilla((2002)(

2002(

70(Gy((2009)(

60(

TE+

45(

F(

Cleft(palate(

2007(

x(

19(

EG+

51(

M(

Squamous(cell(CA(left(alveolar(ridge(

2009(

72(Gy(

15(

AMc+

49(

F(

Squamous(cell(CA(left(alveolar(ridge(

2010(

72(Gy(

15(

AM+

74(

F(

Pinborg(tumour((1984)((

2003(

x(

39(

JM+

63(

F(

Squamous(cell(CA(right(maxillary(sinus((2002)(

2002(

70(Gy((2002)(

23(

CM+

65(

M(

Squamous(cell(CA(right(maxillary(sinus((1995)(

2005(

72(Gy((1996)(

29(

PN+

60(

F(

Adenoid(cystic(CA(right(maxilla((2002)(

2002(

72(Gy((2003)(

42(

GO+

58(

M(

Squamous(cell(CA(left(alveolar(ridge((2008)(

2008(

72(Gy((2008)(

28(

VP+

65(

M(

Trauma((1984)(

2005(

x(

28(

Patient+

Age*+

Sex+

PB+

53(

F(

EC+

75(

BC+

Maxillary+defect+type++
and+year+of+surgery+

* = at start of treatment, XRT = radiotherapy, ✕ = did not receive radiotherapy
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Table 8. Scheduled patient treatment stages when swabs were routinely taken
First+visit+to+a+
prosthodontist+prior+
to+surgery+

First+visit+to+a+prosthodontist+
for+the+remake+of+an+obturator+

PreNsurgery+

✓

!

Removal+of+surgical+obturator+

✓

!

1+week+postNinsertion+of+interim+obturator+(IO)+

✓

!

1+month+postNinsertion+of+IO+

✓

!

2+months+postNinsertion+of+IO+

✓

!

3+months+postNinsertion+of+IO++

✓

!

Reline+

IO!

Existing!DO!

1+week+post+reline+

✓!

✓!

1+month+post+reline+

✓!

✓!

6+months+postNinsertion+of+IO+

✓!

✓!

9+months+postNinsertion+of+IO+

✓!

✓!

Delivery+definitive+obturator+(DO)+

✓!

✓!

1+week+postNinsertion+of+DO+

✓!

✓!

2+weeks+postNinsertion+of+DO+

✓!

✓!

1+month+postNinsertion+of+DO+

✓!

✓!

3+months+postNinsertion+of+DO+

✓!

✓!

6+months+postNinsertion+of+DO+

✓!

✓!

12+months+postNinsertion+of+DO+

✓!

✓!

Treatment+stage+

IO = interim obturator, DO = definitive obturator

Figures 4 to 10 show examples of maxillary defects and some of the treatment stages when
swabs were routinely taken for the partially dentate and the edentulous patients.

Figure 4. Clinical photograph of a maxillectomy. Left, partially dentate. Right, edentulous
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Figure 5. Surgical obturator for a dentate patient. Left, prior to placement. Right, in place
following maxillary resection surgery

Figure 6. Surgical obturator for an edentulous patient. Left, prior to placement. Right, in place
following surgery

Figure 7. Interim obturator for a dentate patient. Left, surgical defect. Middle, interim
obturator. Right, interim obturator in place
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Figure 8. Interim obturator for an edentulous patient. Left, surgical defect. Middle, maxillary
denture prior to conversion to an interim obturator. Right, interim obturator

Figure 9. Definitive obturator for a dentate patient. Left, completed. Middle, maxillary defect.
Right, obturator in place

Figure 10. Definitive obturator for an edentulous patient. Left, maxillary defect. Middle,
completed obturator (above). Right, completed obturator (side)

For patients who required radiotherapy, swabs were taken weekly during the 6 week course of
radiotherapy and then 1, 2 and 4 weeks after completion of radiotherapy.

3.3 Microbial identification
Between 2002 and 2010, swabs were taken from patients requiring an obturator prosthesis at
various times in their treatment. Identification of the microbial species in the swabs was then
carried out with the use of polymerase chain reaction (PCR), checkerboard DNA-DNA
hybridisation (CKB) and using the chromogenic agar, CHROMagar Candida.
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3.3.1 Bacteria
3.3.1.1 Randomly amplified polymorphic DNA polymerase chain reaction (RAPD
PCR)
Samples taken from obturator prostheses and the adjacent tissue surface of six patients were
plated on Mitis-Salivarius agar as described in section 2.5.1. Twenty individual bacterial
colonies were randomly selected from each sample and suspended in 50 µl of molecular
biology-grade nuclease-free deionised water. The oligonucleotide arbitrary primer 5’TGCCGAGCTG-3’ (OPA-02), was used in a RAPD PCR technique based on the method of
Li and Caufield (1998) as described in section 2.5.1.1. A genotypic profile was then identified
that was present on both the obturator and tissue of patient 6 and on the tissue of patient 5 and
on the obturator of patient 2 (Figure 11). This species was further investigated to identify it.

1"

patient

3"

2"

L"

4"

5"

6"

Se" Se"

#2 #3 #4 #5

#6

#7

#8

#9 #10 #11 #12 #13 #14

bacteria
colony number
"

patient

2" " 3"

L"

Tissue"

#1

1"

4"

5"

6"

Obturator"
Se"

Se"

#15 #16 #17 #18 #19 #20 #21 #22 #23 #24 #25 #26 #27

bacteria colony number

L = 1 kb ladder, Se = S. epidermidis

Figure 11. Comparison of RAPD PCR amplicon profiles of bacteria isolated from obturator and
tissue swabs of 6 patients

!

98

3.3.1.2 Identification of a bacterium that colonises both obturators and adjacent
mucosae
Of the bacterial colonies investigated by RAPD PCR, one from patient 6 was selected for
identification because it was the only bacterial strain that was found on both the obturator and
tissue swab samples. Bacterial 16S ribosomal DNA was amplified from the DNA isolates of
the genotypically similar colonies (colonies #13 and #26) from patient 6 by PCR with primers
Paster 1 (CAG AGT TTG ATY MTG GCT CAG) and Paster 2 (GAA GGA GGT GWT CCA
RCC GCA) using the technique described by Paster et al. (2001) (Figure 12). The PCR
product was purified for sequencing as described in section 2.5.1.2.

L"

S"

L"

'C2" 'C1" +C2" +C1"

L = 1 kb ladder, S = DNA sample from patient 6, + C1 = positive control (E. coli),
+ C2 = positive control (Streptococci spp.), - C1 = negative control (water),
- C2 = negative control (empty lane)

Figure 12. PCR amplification of bacterial 16 SrRNA genes for sequencing

The PCR amplified 16S rDNA was purified and sequenced using an ABI 3730 DNA analyser
as described in section 2.5.1.2. A DNA sequence of 1196 base pairs was obtained and this
sequence was entered online into a Basic Local Alignment Search Tool (BLAST) (Zhang et
al., 2000) and identified the species with a 99% match as S. epidermidis.
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3.3.1.3 Checkerboard DNA-DNA hybridisation
Checkerboard DNA-DNA hybridisation (CKB) was used to provide quantitative analysis of
samples taken from the obturator and adjacent tissue of 7 patients as described in section
2.5.3. Table 9 lists the 40 microbial species investigated. Analysis of the composition of
obturator and tissue samples is shown in Figure 13 presenting abundance of each of the 40
microbial species as an average percentage of the total DNA for all 7 patients. It was found
that C. albicans was not only detected in all patients, but was also the microorganism that
contributed the greatest amount of DNA by percentage of the 40 species investigated (tissue
17.5% and obturator 9.5%). S. epidermidis was also detected in all patients and was the
second most commonly detected microorganism by percentage of DNA in the tissue samples
(9%) and the sixth most common in the obturator samples (5%). Other microorganisms found
in relatively high amounts by percentage of DNA were the anaerobes Fusobacterium
nucleatum ss nucleatum (tissue 8%, obturator 8%), Veillonella parvula (tissue 9%, obturator
13%), Capnocytophaga gingivalis (tissue 6.5%, obturator 6.5%), and Leptotrichia buccalis
(tissue 4%, obturator 3%), the aerobe Neisseria mucosa (tissue 4.5%, obturator 6.5%), and the
streptococci, S. sanguinis (tissue 5%, obturator 4%) and S. anginosus (tissue 4%, obturator
5%).
Analysis of the composition of obturator and tissue samples from 4 of these patients for
whom samples were also taken during radiotherapy treatment is shown in Figure 14. This
analysis showed that C. albicans contributed nearly half of the microbiota by percentage of
DNA in the tissue samples (45%) while the percentage in the obturator samples was also
greater at 28%. Other microorganisms detected in relatively high amounts were F. nucleatum
ss nucleatum (tissue 15%, obturator 13%) and V. parvula (tissue 17%, obturator 15%); S.
epidermidis was the fourth most commonly detected microorganism in the obturator samples
(9%) and the fifth most commonly detected in the tissue samples (4.5%) from these patients
undergoing radiotherapy.
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Table 9. Microbial species investigated in obturator and tissue samples by checkerboard DNADNA hybridisation
Streptococi+
S. mutans

Fusobacterium nucleatum ss nucleatum

S. sobrinus

Campylobacter rectus

S. parasanguinis

Veillonella parvula

S. mitis 1

Capnocytophaga gingivalis

S. oralis

Gemella. morbillorum

S. intermedius

Prevotella melaninogenica

S. vestibularis

Leptotrichia buccalis

S. mitis 2

Corynebacterium matruchotii

S. gordonii

Prevotella nigrescens/intermedia

S. anginosus

Porphromonas gingivalis
Tannerella forsythensis

L. fermentum

Treponema denticola

L. acidophilus

Selenomonas noxia

L. rhamnosus

Micromonas micros

L. plantarum
Aerobes+

!

Periodontal0anaerobes!*

S. sanguinis
Lactobacilli++

+

Anaerobes++

Periodontal0microaerophiles!
Aggregatibacter actinomycetemcomitans

Neisseria mucosa

Eikenella corrodens

Haemophilus parainfluenzae

Candida albicans
Staphylococcus epidermidis
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V. parvula
T. forsythensis
T. denticola
S. vestibularis
S. sobrinus
S. sanguinis
S. parasanguinis
S. oralis
S. noxia
S. mutans
S. mitis 2
S. mitis 1
S. intermedius
S. gordonii
S. epidermidis
S. anginosus

Microorganisms

R. dentocariosa
P. nigrescens/intermedia
P. melaninogenica
P. gingivalis
N. mucosa
M. micros
L. rhamnosus
L. plantarum
L. fermentum
L. buccalis
L. acidophilus

Obturator

H. parainfluenzae

Tissue

G. morbillorum
F. nucleatum ss nucleatum
E. corrodens
C. rectus
C. matruchotii
C. gingivalis
C albicans
A. odontolyticus
A. naeslundii
A. israelii
A. gerencseriae
A. actinomycetemcomitans
0

10

20

30

% of DNA

Figure 13. Relative abundance of microbiota identified by checkerboard DNA-DNA
hybridisation on obturator and tissue samples from patients (mean ± SD for 7 patients)
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V. parvula
T. forsythensis
T. denticola
S. vestibularis
S. sobrinus
S. sanguinis
S. parasanguinis
S. oralis
S. noxia
S. mutans
S. mitis 2
S. mitis 1
S. intermedius
S. gordonii
S. epidermidis
S. anginosus

Microorganisms

R. dentocariosa
P. nigrescens/intermedia
P. melaninogenica
P. gingivalis
N. mucosa
M. micros
L. rhamnosus
L. plantarum
L. fermentum
L. buccalis
L. acidophilus

Obturator

H. parainfluenzae
G. morbillorum

Tissue

F. nucleatum ss nucleatum
E. corrodens
C. rectus
C. matruchotii
C. gingivalis
C albicans
A. odontolyticus
A. naeslundii
A. israelii
A. gerencseriae
A. actinomycetemcomitans
0

20

40

60

% of DNA

Figure 14. Relative abundance of microbiota identified by checkerboard DNA-DNA
hybridisation on obturator and tissue samples from four patients undergoing radiotherapy
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3.3.2 Yeasts
The chromogenic agar, CHROMagar Candida (Fort Richard Laboratories, Auckland, New
Zealand) was used for the detection and presumptive identification of yeast species in swabs
of obturators and the oronasal tissue adjacent to the obturator.
3.3.2.1 Appearance of yeast colonies on CHROMagar
All of the yeast isolates were first grown on YEPD + chloramphenicol agar and then on the
CHROMagar Candida as described in section 2.5.2. Colour readings were made after 48 hr of
incubation as specified in the manufacturer’s instructions. A variety of colony colours were
seen including green (C. albicans), purple (C. glabrata), blue (C. tropicalis), and pink (C.
krusei). Figures 15 and 16 show examples of the appearance of the yeast colonies on
CHROMagar Candida.

Figure 15. Examples of C. albicans (left) and C. tropicalis (right) grown on CHROMagar
Candida agar plates
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Figure 16. Examples of C. krusei (left) and C. glabrata (right) grown on CHROMagar Candida
agar plates

Of the 15 patients, 5 had no fungal colonisation detected from the oral swabs when they first
presented for treatment (patients BD, EG, JC, AMc and GO) (Table 10). These 5 patients
were dentate and not wearing a prosthesis at the time of their first appointment. During the
course of treatment, however, Candida was identified in all patients at almost all treatment
stages (Table 10). Table 10 also shows the occurrence of the Candida species at the different
treatment stages. C. albicans was identified in 84.6% of the swabs; C. krusei in 9.3% of the
swabs and C. topicalis in 6.1% of the swabs. C. glabrata was identified in 12.5% of the total
number of swabs but this yeast was only identified in 1 patient. For 8 patients, C. albicans
was the only yeast found. For 6 patients, C. albicans was also found with C. tropicalis (3
patients) or with C. krusei (3 patients). For 4 of these patients, C. albicans was found at the
same time as either C. tropicalis (8 of 280 swabs) or C. krusei (3 of 280 swabs); these 4
patients were edentulous. In only 1 patient was C. albicans not identified at any time (patient
AM). With this patient, C. glabrata was identified on 35 of the 37 swabs and on 1 of these
occasions, C. glabrata was identified with C. krusei (7.5%).
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A, K

A

A

A

A

A, K

A

A

A, K

A

TE

A

A

A

A

A

A

RT

A
A

A

-

A

-

AMc

G

G

G

G

G

G

G

G

G

G, K

G

G

G

G

G

G

G

AM

A

!

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

CM

D

A

RT

A, T
A, T

T

T

T

T

JM

A

A

A

A

A

A

A

RT

A
A, T

A

A

A

A, T

A

T

T

T

A, T

A

A

A, T

PN

A

!

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

VP

D

A

A

A

A

A

A

A

RT

A
A

A

A

-

GO

Table 10. Candida identified on CHROMagar Candida for all patients for all treatment stages excluding during radiotherapy and its related follow-up

10 7
7

A

A

A

A

A

A

DO 3y/1w

DO 3y/1m

DO 3y/3m

DO 3y/6m

DO 4yR

DO 4y/1w

A

A

A

A

A

A

A
A

DO 5y/3m

DO 5y/6m

DO 6yR

DO 6y/1w

DO 6y/1m

DO 6y/3m

DO 6y/6m

EG

PB

EC

D

A

A

K

BC

-

A

A

K

-

-

A

A

JC

D

A

A

D

A

A

A

A

A

A

A

A

-

K

K

K

K

AC

K

K

K

K

K

-

K

K

TE

A

AMc

G

G

G

G

G

G

G

G

G

G

G

G

AM

G

G

G

G

G

G

G

G

JM

D

A

A

A

CM

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

PN

A

A

A

A

A

A

A

A

GO

A

A

A

VP

A

A

A

A

A

A

A

A

!

!
!
DO 7y/3m
A
A= C. albicans; T= C. tropicalis; G= C. glabrata; K= C. krusei; RT= radiotherapy commenced; D= died; P-S= pre-surgery; SO= surgical obturator; DO= definitive obturator; Obt=
obturator; E= existing; R= reline; w= week; m= month; y= year

A

A

DO 5y/1m

DO 7y/1m

A

DO 5y/1w

A

A

DO 5yR

DO 7y/1w

A

DO 4y/6m

RT

A

DO 4y/3m

DO y7R

A

DO 4y/1m

BD

A

DO 3yR

Tx stage

A

DO 2y/6m

Ten of the patients also required radiotherapy. For seven of the ten patients, this occurred
from 8 weeks to 3 months after maxillectomy surgery. Of the remaining 3 patients, one had
had radiotherapy prior to presenting for treatment (patient CM), one patient had a tumour
recurrence requiring radiotherapy 1 year after maxillectomy surgery (patient PN) and the
other had a tumour recurrence after 7 years (patient BD). For all patients, C. albicans was
identified at all of the weekly treatment sessions during radiotherapy as well as at the followup sessions 1, 2 and 4 weeks after radiotherapy was completed (Table 11). No other Candida
species was identified. For three of the patients, C. tropicalis was identified prior to
radiotherapy, but was not identified again during radiotherapy or in any treatment stage
following the completion of radiotherapy. For six patients (patients PB, EC, JC, JM, CM and
GO), surgery and radiotherapy was not able to provide tumour control. For these individuals,
C. albicans was detected in swabs obtained during the palliative treatment sessions prior to
their death (Table 11).

Table 11. C. albicans identified on CHROMagar Candida for all patients that received
radiotherapy and related follow-up
BD

EG

PB

EC

JC

AMc

JM

CM

PN

GO

RT w0

A

A

A

A

A

A

A

A

A

A

RT w1

A

A

A

A

A

A

A

A

A

A

RT w2

A

A

A

A

A

A

A

A

A

A

RT w3*

A

A

A

A

A

A

A

A

A

A

RT w4

A

A

A

A

A

A

A

A

A

A

RT w5

A

A

A

A

A

A

A

A

A

A

RT w6

A

A

A

A

A

A

A

A

A

A

F-U w1

A

A

A

A

A

A

A

A

A

A

F-U w2

A

A

A

A

A

A

A

A

A

A

F-U w4

A

A

A

A

A

A

A

A

A

A

RoT*

A

A

A

A

A

A

A

A

A

A

F-U1

A

A

A

A

A

A

A

A

A

A

F-U2

A

A

A

A

A

A

A

A

A

A

F-U3

A

A

A

A

A

A

A

A

A

A

Died

Died

Died

Died

Died

Died

A= C. albicans; T= C. tropicalis; G= C. glabrata; K= C. krusei; RT = radiotherapy; w = week; F-U= follow-up;
RoT = recurrence of tumour
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3.3.3 Imaging microbial adhesion to obturators
At times when an obturator prosthesis was to be replaced, the prosthesis was retained to allow
imaging the obturator component of the prosthesis using scanning electron microscopy
(SEM). Figure 17 shows representative SEM images of microbial adhesion to the obturator
materials.

Figure 17. SEM images of microbial adhesion to acrylic. Top left, 200x magification; Top right,
500x magification; Bottom left, 1500x magnification; Bottom right, 5000x magnification

3.4 Changes in microbial colonisation of obturators and tissues during
treatment
The fifteen patients requiring an obturator prosthesis had swabs taken at various stages in
their treatment between 2002 and 2010. One patient in this study, who first presented in 2002
prior to resection of an adenoid cystic carcinoma, had swabs taken on 60 occasions (patient
BD). The average number of swabs taken per patient was 30 ± 12 (range 15 to 60).
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3.4.1 Microbial count changes during treatment
Evaluation of the microbial flora at the various treatment stages showed that the number of
colony forming units/swab (cfu/swab) changed for each swab site at each treatment stage on
almost all occasions. The exception occurred in 4 patients, when there were no Candida spp
detected in consecutive swabs. This occurred on 18 occasions with obturator swabs and on 8
occasions with tissue swabs.
Figure 18 shows an example of the changes in cfu/swab at the various scheduled treatment
stages over 8 years.
Patient BD microbial cfu over time (Feb 2002 - May 2010)
1.0×10 08

bacteria tissue
bacteria obturator

1.0×10 07

microbial cfu/swab

1.0×10 06

1.0×10 05

1.0×10 04

1.0×10 03

1.0×10 02

Candida tissue

1.0×10 01

pre-surgery
SO
IO 1w
IO 1m
IO 2m
IO 3m/reline
IO 1w
IO 4m
IO 5m
IO 6m
IO 9m
IO 12/reline
DO 1w
DO 2w
DO 1m
DO 3m
DO 6m
DO 1y/reline
DO 1y/1w
DO 1y/1m
DO 1y/3m
DO 1y/6m
DO 2y/reline
DO 2y/1w
DO 2y/1m
DO 2y/3m
DO 2y/6m
DO 3y/reline
DO 3y/1w
DO 3y/1m
DO 3y/3m
DO 3y/6m
DO 4y/reline
DO 4y/1w
DO 4y/1m
DO 4y/3m
DO 4y/6m
DO 5y/reline
DO 5y/1w
DO 5y/1m
DO 5y/3m
DO 5y/6m
DO 6y/reline
DO 6y/1w
DO 6y/1m
DO 6y/3m
DO 6y/RTw1
DO 6y/RTw2
DO 6y/RTw3
DO 6y/RTw4
DO 6y/RTw5
DO 6y/RTw6
DO 6y/RT FUw1
DO 6y/RT FUw2
DO 6y/RT FUw4
DO 6y/6m
DO y7/reline
DO 7y/1w
DO 7y/1m
DO 7y/3m

Candida obturator

Stage of treatment

Figure 18. Example of changes in microbial colonisation in one patient (BD) at various
treatment stages (Feb 2002 to May 2010)

The results of enumerating the microbial flora for all patients at the various stages of
treatment, showed the following general features:
i.

The microbial colonisation decreased at the 1-week follow-up appointment
following relining an interim or definitive obturator, or delivering a new definitive
obturator. This was most pronounced for colonisation by Candida spp.

ii.

Excluding (i) above, the enumerated microbial flora increased at each treatment
stage between the annual reline appointments as the age of the obturator material
increased.
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Figure 19 shows the mean microbial colonisation of obturators and tissues at the various
scheduled treatment stages for all patients, and the average fold change in colonisation for all
patients between each treatment stage is summarised in Table 12.
Average microbial cfu over time all participants
1.0×10 07

1.0×10 06

1.0×10 05

microbial cfu/swab

bacteria tissue
bacteria obturator
1.0×10 04

1.0×10 03

1.0×10 02

Candida tissue

1.0×10 01

DO 5y/1w
DO 5y/1m
DO 5y/3m
DO 5y/6m
DO 6y (reline)
DO 6y/1w
DO 6y/1m
DO 6y/3m
DO 6y/6m
DO y7 (reline)
DO 7y/1w
DO 7y/1m
DO 7y/3m

DO 3y/1w
DO 3y/1m
DO 3y/3m
DO 3y/6m
DO 4y (reline)
DO 4y/1w
DO 4y/1m
DO 4y/3m
DO 4y/6m
DO 5y (reline)

DO 2y/1w
DO 2y/1m
DO 2y/3m
DO 2y/6m
DO 3y (reline)

DO 1y/1w
DO 1y/1m
DO 1y/3m
DO 1y/6m
DO 2y (reline)

IO 1w post reline
IO 4m
IO 5m
IO 6m
IO 9m
IO 12 (reline)
insertion of DO
DO 1w
DO 2w
DO 1m
DO /3m
DO 6m
DO 1y (reline)

1.0×10 00

pre-surgery
SO
IO 1w
IO 1m
IO 2m
IO 3m (reline)

Candida obturator

Stage of treatment

Figure 19. Mean microbial colonisation for each treatment stage for all patients (± SD)

Table 12. Average fold change in colonisation for all patients for each treatment stage
Fold&change&
for&bacteria&
on&tissues&

Fold&change&
for&bacteria&
on&obturator&

Fold&change&
for&Candida&
on&tissues&

Fold&change&
for&Candida&
on&obturator&

"!

"!

"!

"!

Removal)of)Surgical)Obturator)

2.6!

"!

169.8!

"!

Interim)Obturator)(IO))1)week)

"1.3!

"!

"4.5!

"!

IO)1)month)

1.4!

1.0!

12.5!

14.8!

IO)2)month)

1.1!

1.2!

2.0!

2.0!

IO)3)month)(reline))

1.2!

1.3!

1.7!

1.5!

IO)reline)1)week)follow$up)

"2.2!

"1.7!

"66.0!

"2.7!

IO)4)months)

1.2!

1.0!

6.7!

2.5!

IO)5)months)

1.3!

1.2!

1.5!

1.1!

IO)6)month)

1.3!

1.4!

1.5!

1.8!

IO)9)month)

1.2!

1.4!

1.2!

1.5!

IO)12)month)(reline))

1.2!

1.1!

1.1!

1.0!

Insert)Definitive)Obturator)(DO))

2.0!

2.1!

1.6!

2.1!

Stage&of&treatment&
Pre$surgery)
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!

DO)/1week)

"2.0!

"1.8!

"5.2!

"13.1!

DO)2weeks)

1.2!

1.4!

1.4!

3.1!

DO)1)month)

1.2!

1.1!

2.4!

1.6!

DO)3)months)

1.3!

1.1!

1.1!

2.0!

DO)6)months)

1.1!

1.1!

1.1!

1.3!

DO)1)year)(reline))

1.0!

1.1!

1.3!

1.3!

DO)1y/1)week)

"1.7!

"2.0!

"4.2!

"6.3!

DO)1y/1)month)

1.2!

1.4!

2.5!

1.6!

DO)1y/3)months)

1.2!

1.1!

1.3!

1.6!

DO)1y/)6)months)

1.0!

1.2!

1.1!

1.7!

DO)2y)(reline))

1.0!

1.0!

1.0!

1.3!

DO)2y/1)week)

"1.3!

"1.5!

"3.7!

"4.6!

DO)2y/)1month)

1.1!

1.1!

2.1!

2.8!

DO)2y/3)months)

1.1!

1.2!

1.2!

1.3!

DO)2y/6)months)

1.0!

1.2!

1.8!

1.3!

DO)3y)(reline))

1.0!

1.1!

1.2!

1.5!

DO)3y/1week)

"1.3!

"1.5!

"2.9!

"2.9!

DO)3y/1month)

1.1!

2.0!

2.0!

1.0!

DO)3y/3)months)

1.1!

1.0!

1.2!

1.1!

DO)3y/6)months)

1.1!

1.3!

1.3!

1.5!

DO)4y)(reline))

1.2!

1.1!

1.8!

2.4!

DO)4y/)1weeks)

"1.8!

"2.2!

"2.8!

"2.2!

DO)4y/1)month)

1.1!

1.2!

1.7!

1.9!

DO)4y/3)months)

1.3!

1.2!

2.7!

2.0!

DO)4y/6)months)

1.2!

1.2!

1.3!

1.3!

DO)5y)(reline))

1.1!

2.1!

1.3!

1.2!

DO)5y/1)week)

"1.6!

"4.2!

"2.2!

"1.7!

DO)5y/1)month)

1.2!

1.0!

2.8!

2.1!

DO)5y/3)months)

1.3!

1.4!

2.8!

1.6!

DO)5y/6)months)

1.3!

1.1!

1.4!

1.6!

DO)6y)(reline))

1.3!

1.3!

1.2!

10.6!

DO)6y/1)week)

"3.8!

"2.6!

"1.3!

"2.1!

DO)6y/1)month)

1.7!

1.3!

1.6!

10.1!

DO)6y/)3)months)

1.3!

1.4!

1.1!

1.5!

DO)6y/)6)months)

1.2!

1.4!

1.5!

1.7!

DO)7y)(reline))

2.6!

3.1!

1.8!

2.3!

DO)7y/1)week)

"5.9!

"1.1!

"2.8!

"2.5!

DO)7y/1)month)

1.6!

1.1!

1.0!

1.1!

DO)7y/3)months)

2.2!

1.0!

1.2!

1.5!
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Not all patients required radiotherapy as part of their tumour management treatment. For
those that did (n=10), five required antifungal treatment to manage oral infection and
discomfort from candidiasis and/or mucositis; antifungal treatment commenced for all
patients during the third week of radiotherapy. Enumerating the microbial flora on a weekly
basis during the course of radiotherapy, and for 4 weeks after the completion of radiotherapy,
showed:
i.

The level of microbial colonisation increased in the week after commencing
radiotherapy. This was most pronounced for Candida spp. in patients that
subsequently required antifungal treatment.

ii.

Patients that subsequently required antifungal treatment to help treat complications
from the head and neck radiotherapy all had Candida tissue swab counts of at least
1x105 cfu per swab after 1 week of radiotherapy. For the patients that did not require
antifungal treatment, all had Candida tissue swab colony numbers less than 1x104
cfu per swab after 1 week of radiotherapy.

iii.

For patients that did not receive antifungal treatment, the level of microbial
colonisation increased at each treatment stage, particularly for Candida spp and
decreased once radiotherapy treatment was completed (Figure 20).

iv.

For patients that received antifungal treatment, the level of Candida spp.
colonisation decreased following the commencement of fluconazole antifungal
treatment. The greatest decrease occurred between week 3 and 4 and continued
between weeks 4 and 5 and weeks 5 and 6 when radiotherapy treatment finished
(Figure 21).

Unfortunately for five patients, tumour control was not achieved with surgery and
radiotherapy, and they died. For those patients, as the tumour spread and their ability to
maintain their own oral care decreased, the level of microbial colonisation increased at each
follow-up appointment. This was most pronounced for Candida spp. and was associated with
oral candidiasis.
The mean microbial colonisation for the patients who required radiotherapy with no
antifungal treatment is shown in Figure 20 and with antifungal treatment in Figure 21. Figure
21 also shows the colonisation changes for those patients who developed a recurrence of their
tumour and the palliative follow-up treatment prior to their death. The fold difference between
each treatment stage for patients who received radiotherapy is summarized in Table 13.
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Average RT no antifungals
1.0×10 08

bacteria tissue
bacteria obturator
1.0×10 07

microbial cfu/ml

1.0×10 06

Candida tissue

1.0×10 05

Candida obturator

1.0×10 04

1.0×10 03

1.0×10 02

1.0×10 01

F-U w4

F-U w2

F-U w1

RT w6

RT w5

RT w4

RT w3

RT w2

RT w1

RT w0

1.0×10 00

Stage of treatment

RT= radiotherapy; W= week; F-U= follow-up

Figure 20. Mean microbial colonisation for patients during radiotherapy that did not receive
antifungal treatment
Average XRT with antifungals
bacteria tissue
1.0×10 08

bacteria obturator

1.0×10 07

microbial cfu/ml

1.0×10 06

1.0×10 05

Candida tissue

1.0×10 04

Candida obturator

1.0×10 03

1.0×10 02

1.0×10 01

antifungal treatment

F-U3

F-U2

F-U1

RoT

F-U w4

F-U w2

F-U w1

RT w6

RT w5

RT w4

RT w3

RT w2

RT w1

RT w0

1.0×10 00

Stage of treatment

RT = radiotherapy, W = week, F-U = follow-up, RoT = recurrence of tumour

Figure 21. Mean microbial colonisation for patients during radiotherapy that received
fluconazole antifungal treatment from week 3 to week 6 of radiotherapy and during palliative
care follow-up prior to death
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Table 13. Average fold change in microbial colonisation for patients who received radiotherapy
with or without fluconazole antifungal therapy and for the follow up period after radiotherapy
completion
Stage&of&tx&
)

Fold&change&
tissue&swab&for&
bacteria&
Antifungal*
treatment*
Yes*
No*

RT&w0&

Fold&change&
obturator&swab&for&
bacteria&
Antifungal*
treatment*
Yes*
No*

Fold&change&tissue&
swab&for&Candida&
Antifungal*
treatment*
Yes*
No*

Fold&change&
obturator&swab&for&
Candida&
Antifungal*
treatment*
Yes*
No*

!

!

!

!

!

!

!

RT&w1&

1.4!

1.3!

1.7!

1.2!

21.8!

2.0!

13.4!

2.3!

RT&w2&

1.3!

1.3!

1.1!

1.4!

1.1!

3.5!

1.3!

2.6!

RT&w3*&&

1.1!

1.2!

1.0!

2.2!

3.7!

9.7!

6.9!

6.4!

RT&w4&

"1.0!

1.3!

"1.2!

1.0!

"47.8!

2.6!

"44.3!

3.7!

RT&w5&

1.0!

1.1!

"1.1!

1.1!

"3.6!

1.3!

"4.0!

2.3!

RT&w6&

1.1!

1.1!

1.1!

1.3!

"1.6!

1.4!

"2.9!

1.1!

FAU&w1&

"1.2!

"1.6!

"1.1!

"1.5!

"1.1!

"4.8!

"1.9!

"4.2!

FAU&w2&

"1.2!

"1.3!

"1.2!

"1.3!

1.2!

"6.1!

1.3!

"4.7!

FAU&w4&

1.1!

"1.8!

1.1!

"1.3!

1.6!

"9.6!

1.2!

"16.3!

RoT*&

1.2!

!

1.2!

!

2.0!

!

2.0!

!

FAU1&

1.5!

!

1.4!

!

70.5!

!

84.8!

!

FAU2&

2.2!

!

1.7!

!

12.0!

!

3.0!

!

FAU3&

2.1!

!

2.1!

!

4.5!

!

35.5!

!

*= commenced antifungals; RT = radiotherapy; RoT = recurrence of tumour; F-U = follow-up

3.5 Clinical changes
Patients were examined for signs of clinical oral infection, such as oral candidiasis at all of
the various stages of treatment. A swab sample was taken at each stage and presumptive
identification of Candida spp. was made using the chromogenic agar, CHROMagar Candida.
Yeast colonisation was quantified by counting the cfu/swab on the YEPD + chloramphenicol
agar, and bacterial growth on blood agar.
The prevalence of clinical oral fungal infection was low prior to commencement of treatment.
Of the patients who were not wearing a removable prosthesis prior to surgery, none had oral
candidiasis pre-treatment (n=7). Of the remaining 8 patients with prostheses, 4 had oral
candidiasis; two had pseudomembranous candidiasis and two had erythematous candidiasis
and angular cheilitis. Figure 22 shows an example of a patient with pseudomembranous
candidiasis and another with erythematous candidiasis and angular cheilitis prior to treatment.
Two of these patients already had an existing obturator and two were prior to surgery. In all
!
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cases, the oral candidiasis resolved with conservative treatment (obturator prosthesis and oral
care instruction and relining the denture) without the need for antifungal treatment.

Figure 22. Examples of oral candidiasis from patients prior to treatment. Top left,
pseudomembranous candidiasis. Top right and lower left, erythematous candidiasis. Lower
right, angular cheilitis

During the treatment period, all ten patients who received radiotherapy developed mucositis.
The severity of the mucositis was assessed using the most common scales, the World Health
Organisation (WHO) scale (World Health Organisation, 1997) and the National Cancer
Institute (NCI) Common Toxicity Criteria for Adverse Events version 2.0 (Cancer Therapy
Evaluation Progam, 1998) and version 3.0 (Cancer Therapy Evaluation Progam, 2003). These
scales are described in Table 14. Patient mucositis severity is also shown in Table 14.
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Table 14. Mucositis severity using the WHO and NCI scale
Mucositis&
grade&

WHO&grading&scale&

Number&
of&
patients&

NCI&v2&scale&

Number&
of&
patients&

NCI&v3&scale&

Number&
of&
patients&

0&

None!

0!

None!

0!

None!

0!

1&

Soreness!+/"!
erythema,!no!
ulceration!

3!

Painless!ulcers,!
erythema,!or!mild!
soreness!in!the!absence!
of!ulcers!

3!

Erythema!of!
mucosa!

3!

2&

Erythema,!ulcers.!
Patients!can!
swallow!solid!diet!

3!

Painful!erythema,!
oedema,!or!ulcers!but!
eating!or!swallowing!
possible!

3!

Patchy!
ulcerations!
or!pseudo"!
membranes!

3!

3&

Ulcers,!extensive!
erythema.!Patients!
cannot!swallow!
solid!diet!

2!

Painful!erythema,!
oedema,!or!ulcers!
requiring!IV!hydration!

2!

Confluent!
ulcerations!
or!pseudo"
membranes!

4!

4&

Oral!mucositis!to!
the!extent!that!
alimentation!is!not!
possible!

2!

Severe!ulceration!or!
requiring!parental!
nutritional!support!of!
prophylactic!intubation!

2!

Necrosis;!
spontaneous!
bleeding;!life"
threatening!

0!

5&

!

!

Death!related!to!toxicity!

0!

Death!related!
to!toxicity!

0!

Four patients required hospital admission because of complications related to mucositis and
two patients required a gastric feeding tube for enteral feeding because of their inability to
maintain oral feeding. Figure 23 and Figure 24 show examples of the types of mucositis seen
in this study.

Figure 23. Example of grade 1 mucositis (Left) and grade 2 mucositis (Right)
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Figure 24. Example of grade 3 mucositis (Left) and WHO and NCIv2 grade 4 mucositis (Right)

Six of the ten patients developed oral candidiasis during radiotherapy; five required antifungal
therapy to manage discomfort from oropharyngeal pain. This is summarised in Table 15.

Table 15. Oral candidiasis associated with mucositis and antifungal treatment in patients during
radiotherapy
Mucositis&grade&
&
0&
1&
2&
3&
&&4*&
&&&&4**&
5&

Oral&candidiasis&
pseudomembranous!
0!
0!
!
2!
2!
0!
0!

erythematous!
!
1!
1!
!
!
0!
0!

Antifungals&(fluconazole)&
!
!
No!
Yes!
Yes!x2!
Yes!x2!
!
!

*WHO and the NCIv2 scales; **NCI v3 scale

Figure 25 shows examples of the different types of candidiasis seen in patients during
radiotherapy and Figure 26 shows one of the patients with mucositis and oral candidiasis.

Figure 25. Example of pseudomembranous candidiasis (Left) and erythematous candidiasis
(Right)
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Figure 26. Example of mucositis and oral candidiasis on palate (Left) and tongue (Right) in a
patient during radiotherapy

3.6 Discussion
In this chapter, microbial colonisation of obturators and the adjacent oronasal tissue surface
was investigated in patients referred for restoration of maxillary defects with an obturator
prosthesis between 2002 and 2010. This was carried out by taking swabs of obturators and of
the adjacent tissue during scheduled treatment sessions and in follow-up appointments.
Microbial identification was carried out using randomly amplified polymorphic DNA
polymerase chain reaction (RAPD PCR), and checkerboard DNA-DNA hybridisation (CKB).
A chromogenic agar, CHROMagar Candida, was used for the detection and presumptive
identification of yeast species on obturator and tissue swabs.
Using CHROMagar Candida, it was found that C. albicans was the most common species of
Candida on oral surfaces. C. albicans was detected in 84.6% of the swabs in 14 of the 15
patients, and during and following head and neck radiotherapy, C. albicans was the only
Candida species identified on chromogenic agar. Previous studies have also found that C.
albicans is the most common Candida species found during and following radiotherapy but
other Candida species, particularly C. tropicalis are occasionally identified (Redding et al.,
1999; Leung et al., 2000).
Using RAPD PCR, the genotypic profile of single bacterial colonies isolated from swabs of
patient obturators and tissues was investigated. One genotypic profile was identified that was
present on both the obturator and tissue in one patient and on the tissue or the obturator of
others. This genotypic profile was further investigated to identify it. Following DNA
purification and sequencing, the genotypic profile was identified as S. epidermidis. Using
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CKB allowed the quantitative analysis of microbial species on obturator and tissue samples.
Of the microbial species investigated, C. albicans was found to be the most common and was
found in all patients sampled. Other microbial species commonly found in all of the patients
sampled using CKB were S. epidermidis, Fusobacterium nucleatum ss nucleatum, Veillonella
parvula, Capnocytophaga gingivalis, and Leptotrichia buccalis, Neisseria mucosa, S.
sanguinis and S. anginosus. These microorganisms are commonly found in the oronasal
cavity (McCracken and Land, 1997; Marsh and Martin, 2009), as is the potential pathogen S.
epidermidis that was identified in this study using PCR and CKB techniques. Staphylococci
have been found to be responsible for the majority of medical implant device-associated
infections, especially S. epidermidis and S. aureus (Mack et al., 2007; Bryers, 2008)
suggesting that further investigation of this microorganism in this study was warranted.
Analysis using CKB and chromogenic agar also showed that Candida, and particularly C.
albicans is commonly found in this group of patients.
During radiotherapy, it was found that the relative proportion of particular microorganisms
changed in patient samples that were analysed using CKB. The proportion of C. albicans
increased from 9.5% on obturator samples and 17.5% on tissue samples to 28% and 45%
respectively. Such increases in Candida colonising numbers during radiotherapy has also
been reported previously (Leung et al., 2000; Jham et al., 2007; Dahlen et al., 2009; Lalla et
al., 2010). Associated with the increase in C. albicans, the proportion of many of the
microorganisms decreased during radiotherapy. In addition to C. albicans, the other microbial
species found most commonly by percentage contribution during radiotherapy were F.
nucleatum ss nucleatum, V. parvula and S. epidermidis. Other studies have reported changes
in microbial oral flora in patients with oral carcinomas (Martin and van Saene, 1992; Nagy et
al., 1998) and during radiation treatment (Llory et al., 1972; Brown et al., 1975; Keene et al.,
1981; Keene and Fleming, 1987; Epstein et al., 1991; Abu Shara et al., 1993; Leung et al.,
2001; Vissink et al., 2003b; Dahlen et al., 2009). These changes have also included an
increase in Fusobacterium and Veillonella (Nagy et al., 1998) as was found in this study.
This study found that microbial colonisation consistently increased throughout treatment
except in the week following delivery of a new oburator prosthesis or a reline, when microbial
colonisation decreased, particularly the number of Candida cfu. Microbial colonisation then
increased again over time until the obturator prosthesis was relined again or remade. This may
have occurred because of increasing age of the material (Nikawa et al., 2001a; Nikawa et al.,
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2001b), microbial colonisation of irregularities in the obturator (Pereira-Cenci et al., 2008)
and/or changes in the substrate surface properties (Busscher et al., 2010).
Microbial colonisation increased dramatically during radiotherapy and also during the
palliative care phase of treatment for patients prior to their death. Significant increases in
microbial numbers during radiotherapy have been reported previously (Abu Shara et al.,
1993; Vissink et al., 2003b; Belazi et al., 2004). It was also found that all patients undergoing
radiotherapy who had C. albicans colonisation exceeding 1x105 colonies per swab after 1
week of radiotherapy subsequently required at least antifungal treatment to manage oral
complications of head and neck radiotherapy; some required hospitalisation. This may have
occurred as a result of the rapid increase in C. albicans numbers combined with radiationinduced local tissue damage, and a reduced ability to maintain oral hygiene resulting in a
predisposition to oral complications from radiotherapy in these immunocompromised
patients. Systemic antifungals were found to be more effective than topical antifungals at
managing oral fungal infections, a finding that has been reported previously (Lalla et al.,
2010). It was also found that antifungal treatment did not eliminate oral yeast carriage, and
this has also been shown in previous studies (Redding et al., 1999; Leung et al., 2000).
Interestingly, it was found in this study that none of the patients with C. albicans colonisation
less than 1x104 per swab after 1 week of radiotherapy required antifungal treatment during
radiotherapy, and were able to manage the side-effects of radiotherapy at home with topical
rinses and analgesics. Based on this finding, it is possible that a large increase in Candida cfu
after 1 week of radiotherapy may indicate an individual susceptibility to a more severe tissue
response to head and neck radiotherapy, however this needs further investigation with a larger
group of patients.
Candidiasis and mucositis were only found in patients receiving radiotherapy and candidiasis
was also found in patients following tumour recurrence when their oral and general health
deteriorated. The percentage of patients that received head and neck radiotherapy and
developed candidiasis was 50% and may have occurred because of the increased vulnerability
of the oral cavity to infections such as candidiasis during radiotherapy (Leung et al., 2000;
Deng et al., 2010). This finding agrees with that found by Clarkson et al. (2007) in a recent
Cochrane review, who reported that the percentage of patients developing candidiasis ranged
from 5% to 100%, with a median value of 50%. Others have reported the incidence of
candidiasis during radiotherapy for head and neck cancer to be from 27 to 77% (Dahiya et al.,
2003; Belazi et al., 2004; Jham et al., 2007; Deng et al., 2010). In comparison, all patients
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who received radiotherapy developed mucositis. This may have occurred in this study
because in all cases, the maxilla, hard and soft palate were in the field of radiation. This
finding is in agreement with Sonis, (2007) who found the incidence of oral mucositis in
patients receiving radiation therapy to be close to 100%.

3.7 Summary
In this chapter, it was found that:
1. All patients were colonised with Candida species, and C. albicans was the most
prevalent species. During and following radiotherapy, C. albicans was the only yeast
present.
2. All patients who had C. albicans colonisation of greater that 1x105 cfu per swab after
1 week of radiotherapy later required antifungal therapy to manage oral complications
during radiotherapy; the patients with C. albicans colonisation less than 1x104 cfu per
swab after 1 week did not require antifungals.
3. All patients developed mucositis and candidiasis during radiotherapy. For the patients
who did not receive radiotherapy, none developed candidiasis.
4. S. epidermidis was found in all of the patients investigated.
5. Microbial colonisation was related to the stage of treatment. Colonisation reduced
following a reline or delivery of a new prosthesis, and increased from week 2 of a
reline (or delivery of a new prosthesis) until the prosthesis was relined or remade.
6. Microbial colonisation increased during radiotherapy and in the palliative care phase
of treatment and reduced if antifungal therapy was used or in the weeks following the
completion of radiotherapy.
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4 The surface characteristics of obturator materials and the
adhesion of Staphylococcus epidermidis to these materials
including the influence of saliva

4.1 Introduction
Acquired palatal defects resulting from resection of neoplasms of the palate and paranasal
sinuses (Beale and Garrett, 1983; Futran and Mendez, 2006; Kalavrezos and Bhandari, 2010;
Zini et al., 2010; Beumer et al., 2011a) can be prosthodontically restored with an obturator
prosthesis (Beumer et al., 1982; Keyf, 2001; Beumer et al., 2011a). A variety of dental
materials can be used to fabricate an obturator, the choice of which can depend on whether
the obturator is planned as an interim or definitive prosthesis. Materials used for an interim
obturator are most commonly the autocured resins, soft liners or tissue conditioners because
of the convenience of making alterations and additions chair-side in the clinic (Arcuri and
Taylor, 2000; Beumer et al., 2011a). Disadvantages with these materials include a lack of
longevity, as well as a surface texture that makes mechanical cleaning difficult, and
susceptible to microbial adhesion (Okita et al., 1991; Nevzatoglu et al., 2007; Darvell, 2009).
Consequently, hard denture base acrylics such as heat-cured polymethyl methacrylate
(PMMA), are commonly used for the definitive obturator because of its durability and ease of
use (Anusavice, 2009; Darvell, 2009); it is also less susceptible to microbial adhesion
compared with materials used for interim obturators (Verran and Motteram, 1987; Okita et al.,
1991; Avon et al., 2007; Busscher et al., 2010). Some clinicians prefer elastomeric materials,
such as silicone, because they can be used to engage undercuts within a resection defect,
which may not be possible with rigid materials such as PMMA. The heat-polymerised
silicones, such as Molloplast B are most commonly used but disadvantages include their lack
of durability and difficulty in adjusting. Because silicone is processed against dental stone, the
surface roughness is also greater than for denture base acrylics (Verran and Maryan, 1997).
Previous studies have also shown the surface roughness of silicone contributes to greater
microbial adhesion compared with denture base acrylics (Okita et al., 1991; Verran and
Maryan, 1997; Taylor et al., 1998; Tang et al., 2009; Pavan et al., 2010). Material surface
characteristics, such as surface roughness and surface free energy have been reported to
influence the initial adhesion of microorganisms (Katsikogianni and Missirlis, 2004; Boks et
al., 2008; Busscher et al., 2010). Generally, the higher the surface energy (Boks et al., 2008;
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Boks et al., 2009; Busscher et al., 2010) and rougher (Bollen et al., 1997; Teughels et al.,
2006) the material surface is, the more attractive it is to microorganisms.
All prosthetic devices, including dentures and maxillary obturators, can be colonised by
microorganisms that can form an adherent biofilm on the surface of the device (Bryers, 2008).
Surface porosity and texture, and biological and physicochemical affinity between the
material and microorganism are important factors that contribute to microbial adhesion
(Bollen et al., 1997; An and Friedman, 1998; Teughels et al., 2006; Whitehead and Verran,
2006; 2008; Hannig and Hannig, 2009; Busscher et al., 2010). Because of this, the colonised
prosthesis may also function as a reservoir of infection. Following maxillary tumour resection
surgery, the oronasal communication that develops exposes an obturator prosthesis to an
environment and microflora that is different to that of the conventional partial and complete
denture wearer, which includes oral, nasal and sinus microorganisms (Weston, 2008). This
altered microflora, in individuals who are immunocompromised from cancer therapy, may
contribute to these patients being at greater risk for prosthesis-related infections and can
occasionally result in the need for hospital admission to control local and systemic infections
(Wargo and Hogan, 2006; Pereira-Cenci et al., 2008; Varricchio et al., 2010).
Staphylococci are common bacterial colonisers of the skin and mucous membranes, and S.
epidermidis is the most frequently isolated species from human epithelia; it predominantly
colonises the axillae, head and nares. Previously regarded as an innocuous commensal
microorganism on the human skin with a benign relationship with its host, S. epidermidis is
now considered an important opportunistic pathogen. S. aureus and S. epidermidis are the
most common causative agents of nosocomial infections (Otto, 2009) and S. epidermidis is
the most common source of infection on indwelling medical devices (Bryers, 2008). Although
S. epidermidis infections rarely develop into life-threatening diseases, their frequency,
combined with their immune evasion mechanisms, makes them extremely difficult to treat
(Otto, 2009) which is a problem for the health care system (Wenzel, 2007). Although
infections can be caused by a single pathogen, polymicrobial infections are also reported
(Adam et al., 2002; Bryers, 2008; Filoche et al., 2010; Kolenbrander et al., 2010). Mixed
bacterial-fungal biofilms have been found to be associated with infections of endotracheal
tubes, biliary stents, silicone voice prostheses and acrylic dentures (Bryers, 2008). Adam and
colleagues have also shown extensive interactions between S. epidermidis and C. albicans, in
particular, reducing the susceptibility to various anti-microbial agents (Adam et al., 2002).
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Because most acquired palatal defects are precipitated by resection of neoplasms (Beale and
Garrett, 1983; Futran and Mendez, 2006), patients frequently require radiotherapy as part of
their tumour management treatment. When the radiation treatment includes substantial
portions of major salivary glands (Willers and Held, 2006; Bhide and Nutting, 2010; Wang et
al., 2011), it results in dramatic changes in the balance of the oral flora (Brown et al., 1975;
Dirix et al., 2006). This predisposes patients to oral infections, further increasing the risk of
opportunistic infections, particularly in the already immunocompromised (Vissink et al.,
2003b; Sonis, 2007; Dahlen et al., 2009). Radiation therapy involving all the major salivary
glands will also result in a reduction in salivary output by more than 90%, as well as changes
in the viscosity, pH, inorganic and organic constituents of saliva (Grundmann et al., 2009).
Reports on whether salivary protein concentration changes as a result of radiotherapy, are
varied. Some have found the protein concentration increases during radiotherapy and returns
to pre-treatment values following completion of radiotherapy (Makkonen et al., 1986;
Funegard et al., 1994) and others have found there is no significant change (Anderson et al.,
1981; Edgar et al., 1982). The role of components of saliva in the microbial adhesion process
is still controversial, because the innate defense molecules in saliva, including lysozyme,
histatin, lactoferrin and calprotectin, that interact with bacteria and Candida species, can
either facilitate or impede adherence to, and colonisation of, oral surfaces (Van Nieuw
Amerongen et al., 2004; Patel et al., 2007; Pereira-Cenci et al., 2008).
The aim of this part of the study was to investigate the physical properties of obturator
materials and the adhesion of the bacterium S. epidermidis to these materials. This
microorganism has been identified on obturators and the adjacent tissue of patients in this
study, and has also been found to be a colonising microorganism during head and neck
radiotherapy. The influence of the physical properties of the obturator materials and the effect
that saliva had on S. epidermidis adhesion was also investigated.

4.2 Material surface characteristics of obturator materials
The material surface characteristics of nine obturator materials described in section 2.1.12
were investigated. The contact angle measurement of these materials was calculated as
described in section 2.1.13 to determine the hydrophobicity and surface free energy of each
material. The surface roughness of each material was also determined as described in section
2.1.14.
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4.2.1 Hydrophobicity of the obturator materials
The wettability, or relative hydrophobicity was investigated by measuring the contact angle of
each obturator material (Figure 27) ten times as described in section 2.1.13. Of the materials
tested, Viscogel was the most wettable (hydrophilic) with the highest surface energy, with a
contact angle measurement of 57º, and Vertex Implacryl was the least hydrophilic with the
lowest surface energy, and had a contact angle of 73º (Table 16).

Material(removed(for(copyright(reasons(
(from http://www.hk-phy.org/atomic_world/lotus/lotus02_e.html)

Figure 27. Illustration of contact angle (A); hydrophilic and hydrophobic surfaces (B)

Table 16. Mean contact angle measurement values for the obturator prosthetic materials (± SD)
Obturator(prosthetic(material(

Contact(angle(( θ )(

Heat%cured*acrylics*

!

Vertex!Regular!

72°!±!3°!

Vertex!Implacryl!

73°!±!4°!

Self%cured*acrylics*
Rimseal!

66°!±!4°!

Kooliner!

63°!±!4°!

Castapress!

64°!±!3°!

Tissue*conditioners*

!

Viscogel!

57°!±!4°!

Softliner!

59°!±!3°!

Room*temperature*polymerised*silicone*
Silagum!
Heat*polymerised*silicone!
MolloplastCB!

!

!

!
64°!±!4°!
!
70°!±!5°!
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4.2.2 Surface roughness of obturator materials
The surface roughness of a heat-cured acrylic (Vertex Regular) and a self-cured acrylic
(Rimseal) was calculated ten times, as described in section 2.1.14. The acrylic materials were
investigated with no surface finish and after polishing using abrasives of 4 different grit sizes,
or with pumice. Table 17 shows the surface roughness of a heat-cured and a self-cured acrylic
following no surface finish or finishing with various grit size abrasives and polishing
materials.
Table 17. Mean surface roughness values of a heat-cured and a self-cured acrylic with no finish
or finished with various abrasives and polishing materials (± SD)
Abrasive/Polish*material*

Heat>cured*acrylic*(Ra/µm)*

Self>cured*acrylic*(Ra/µm)*

P!800!

22.1!±!2.1!

24.2!±!2.2!

P!1000!

20.2!±!2.5!

23.1!±!2.3!

P!1200!

21.5!±!2.2!

22.9!±!2.2!

P!2400!

19.6!±!1.9!

21.9!±!2.4!

No!finish!

21.9!±!2.8!

23.6!±!2.7!

Pumice!

22.9!±!2.7!

24.5!±!2.4!

Because there were no significant differences between the finishing techniques, the surface
roughness of the remaining obturator materials was determined by measuring the surface
roughness ten times using the usual procedure of no surface finishing.
The surface roughness of the remaining materials is shown in Table 18.
Table 18. Mean surface roughness values of obturator prosthetic materials (± SD)
Obturator*prosthetic*material*
Heat%cured*acrylics*
Vertex!Regular!
Vertex!Implacryl!
Self%cured*acrylics*
Rimseal!
Kooliner!
Castapress!
Tissue*conditioners*
Viscogel!
Softliner!
Room*temperature*polymerised*silicone*
Silagum!
Heat*processed*silicone*
Molloplast"B!

!

Surface*roughness*(Ra/µm)*
!
21.9!±!2.8!
21.8!±!2.4!
!
23.6!±!2.7!
23.5!±!2.3!
24.3!±!2.7!
!
22.6!±!1.5!
22.2!±!2.4!
!
22.5!±!2.3!
*
21.9!±!2.8!
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4.3 Isolation of S. epidermidis from obturator prostheses
Microbial swabs of obturators and the adjacent tissue surface were obtained from 15 patients
at various stages of their prosthodontic treatment between 2002 and 2010 as described in the
Materials and Methods (section 2.4). Using checkerboard DNA-DNA hybridisation, obturator
prostheses were found to be colonised by S. epidermidis strains as described in section 3.3.1.3
and S. epidermidis was also found to colonise the obturators of all patients investigated at
various prosthodontics treatment stages (section 3.3.1.3). S. epidermidis strain VCU116 was
identified by DNA sequencing using PCR as described in sections 2.5.1 and 3.3.1.1, and was
found to colonise both obturators and mucosal surfaces.

4.4 Adhesion of S. epidermidis VCU116 to obturator prosthetic materials
A reproducible adherence assay using radiolabelled S. epidermidis cells was developed to
determine the effect of the substratum (obturator prosthetic material) properties and of saliva
on the adherence of S. epidermidis cells as described in the Materials and Methods (sections
2.1.12.1 and 2.7).
The optimum number of radiolabelled cells to use in the adhesion assay was determined.
Different concentrations of a (methyl-3H) thymidine-radiolabeled clinical isolate of S.
epidermidis strain VCU116 cells, 1.0 ml in KCl, were incubated end-over-end with coupons
of denture acrylic that had been pre-treated with saliva (50% in KCl buffer for 2 hr) in
microfuge tubes at room temperature for 2 hr. Denture acrylic coupons were washed and
placed in fresh tubes containing scintillant before determination of coupon-associated
radioactivity by scintillation counting. The numbers of cells bound were calculated from the
radioactivity of a known number of S. epidermidis cells. The number of cells binding to the
acrylic increased with increasing input cells until all binding sites were saturated and the
number of bound cells reached a plateau (Figure 28). Results shown are the means ± SD of
quadruplicate determinations from a representative experiment repeated three times. Based on
these results, an input cell concentration of 3.0 x 108 cells was used in subsequent assays as
this gave maximum adhesion to the coupons.
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S. epidermidis cells bound to acrylic coupons (x106)

3H-thymidine radiolabelled
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2.0

2.5

3.0

3.5

4.0

3H-thymidine radiolabelled S. epidermids cells added to the assay (x108)

Figure 28. Mean number of 3H-thymidine radiolabelled S. epidermidis VCU116 cells bound to
denture acrylic with increased numbers of cells added to the assay (± SD of quadruplicate
determinations repeated three times)

4.4.1 The effect of obturator material on adhesion of S. epidermidis
The effect of the obturator material on the adherence of S. epidermidis VCU116 cells
identified in section 3.3.1.2 was investigated. Nine materials were investigated and each
experiment was repeated 3 times, as described in section 2.1.12. Two materials were heat
polymerized polymethyl methacrylate (heat-cured acrylic) (Vertex Regular and Vertex
Implacryl), three were chair-side cold-cure polymethyl methacrylate (self-cured acrylic)
(Rimseal, Kooliner and Castapress), two were tissue conditioners (Viscogel and Soft-liner),
one was a laboratory heat-processed silicone (Molloplast-B) and one was a silicone-based
chair-side lining material (Silagum). The percentage of input cells binding to the materials
ranged from 4.22% ± 0.76% for Vertex Implacryl to 6.49% ± 1.01% for Soft-liner (Figure
29).
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Adhesion S. epidermidis to materials no saliva
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Figure 29. Mean values for adhesion of S. epidermidis VCU116 obturator clinical isolate to
obturator materials without saliva (± SD)

Adhesion of S. epidermidis to the two heat-cured acrylic materials was less than that to all
other materials, and adhesion was greatest to the two tissue conditioners. While not
significantly different (p≤0.05), there was a trend that adhesion to the self-cured acrylics was
greater than to the heat-cured silicone, Molloplast-B, but less than adhesion to the tissue
conditioners. Adhesion to Molloplast-B was less than to any of the other materials except the
heat-cured acrylics.
Adhesion of the S. epidermidis VCU116 to obturator materials was compared to that for four
laboratory strains of S. epidermidis as described in section 2.2. These strains were ATCC
12228, an antibiotic susceptibility reference strain, ATCC 14990, a nasal strain, and CDC S59 and ATCC 49134, both unspecified clinical isolates. These four strains of S. epidermidis
were obtained from the New Zealand Reference Culture Collection at the Environmental
Science and Research (ESR) Ltd in Wellington, New Zealand. The percentage of ATCC
12228 input cells binding to the materials ranged from 3.18% ± 0.83% for Vertex Implacryl
to 5.09% ± 0.98% for Viscogel; for ATCC 14990, the percentage of input cells binding
ranged from 4.96% ± 0.76% for Vertex Regular to 6.79% ± 0.86% for Soft-liner; for CDC S!
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59, the percentage of input cells binding ranged from 3.07% ± 0.79% for Vertex Implacryl to
5.45% ± 1.13% for Soft-liner; and for ATCC 49134, the percentage of input cells binding
ranged from 3.11% ± 0.97% for Vertex Regular to 5.77% ± 1.04% for Soft-liner (Figure 30).
The same trend in adhesion of these four strains of S. epidermidis was observed as with the S.
epidermidis VCU116 clinical isolate from the obturator. Again, while there were no
significant differences, there was a trend that adhesion was greatest to the tissue conditioner
materials and least to the heat-cured acrylics, followed by Molloplast-B then the self-cured
acrylics
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Figure 30. Mean values for adhesion of different S. epidermidis strains to obturator materials (±
SD)

4.4.2 The effect of saliva on adhesion of S. epidermidis
The effect of saliva on the adherence of S. epidermidis VCU116 cells to obturator materials
was investigated.
4.4.2.1 Salivary protein content
Total salivary protein determinations were done as described in section 2.9. The mean protein
concentration of the healthy volunteer (control) saliva samples before pooling was 1.67 µg/µl
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± 0.55 and in the patient saliva samples, was 2.22 µg/µl ± 0.53; the difference was not
statistically significant (P ≤ 0.05).
4.4.2.2 The effect of pooled saliva from controls on adhesion of S. epidermidis VCU116
The effect of saliva on the adherence of S. epidermidis VCU116 to the nine materials used in
section 4.4.1 was investigated in experiments repeated 3 times. Whole saliva from six healthy
volunteers was pooled and diluted 50% with KCl as described in section 2.8. Incubating the
obturator materials in whole pooled saliva reduced binding of the S. epidermidis VCU116
cells to all materials compared with not incubating the materials in saliva (Figure 31). The
percentage of input cells binding to the materials ranged from 2.95% ± 0.96% for Vertex
Regular (compared with 4.32% ± 0.72% with no saliva) to 5.21% ± 0.92% for Viscogel
(compared with 6.31% ± 0.81% with no saliva).
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Figure 31. Mean values for adhesion of S. epidermidis VCU116 to obturator materials with and
without pooled saliva from healthy volunteers (± SD)

The effect of saliva on the decrease in adherence of S. epidermidis cells was not significant
for any of the materials tested (P ≤ 0.05). The percentage decrease in adhesion of the S.
epidermidis cells when the materials were coated in saliva ranged from -17% for Viscogel to 32% for Vertex Regular (Figure 32).
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Figure 32. Percentage change in adhesion of S. epidermidis VCU116 cells when materials were
coated in pooled saliva from healthy volunteers

4.4.2.3 The effect of pooled saliva from controls on adhesion of laboratory strains of S.
epidermidis
The effect of saliva on the adhesion of the four laboratory strains of S. epidermidis used in
section 5.3.1 (ATCC 12228, ATCC 14990, CDC S-59 and ATCC 49134) was then
investigated. The same trend in adhesion with the four type strains of S. epidermidis was
observed as with the S. epidermidis VCU116 (Figure 33). Specifically, the percentage of
ATCC 12228 input cells binding to the materials ranged from 2.31% ± 0.83% for Vertex
Regular (compared with 3.47% ± 0.78% with no saliva) to 4.01% ± 1.03% for Soft-liner
(compared with 4.97% ± 0.81% with no saliva); for ATCC 14990, the percentage of binding
input cells ranged from 3.55% ± 1.01% for Vertex Regular (compared with 4.76% ± 0.76%
with no saliva) to 5.57% ± 1.04% for Viscogel (compared with 6.63% ±1.05% with no
saliva); for CDC S-59, the percentage of binding input cells ranged from 2.38% ± 0.75% for
Vertex Implacryl (compared with 3.37% ± 0.89% with no saliva) to 3.89% ± 1.01% for Softliner (compared with 5.45% ± 1.13% with no saliva); and for ATCC 49134, the percentage of
binding input cells ranged from 2.07% ± 0.68% for Vertex Implacryl (compared with 3.20%
± 0.93% with no saliva) to 3.67% ± 0.96% for Soft-liner (compared with 5.77% ±1.04% with
no saliva) (Figure 33).
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Figure 33. Mean values for adhesion of four S. epidermidis laboratory strains ATCC 12228,
ATCC 14990, CDC S-59, ATCC 49134, to obturator materials with and without pooled saliva
from healthy volunteers (± SD)

The same trend in adhesion with the four type strains of S. epidermidis was observed as with
the S. epidermidis VCU116. The percentage decrease in binding of ATCC 12228 input cells
to the materials coated in saliva compared with uncoated materials ranged from -13% for
Castapress to -33% for Vertex Regular; for ATCC 14990, the percentage decrease in binding
input cells ranged from -16% for Viscogel to -25% for Vertex Regular; for CDC S-59, the
percentage decrease in binding input cells ranged from -20% for Viscogel to -32% for Vertex
Regular; and for ATCC 49134, the percentage decrease in binding input cells ranged from 16% for Castapress to -29% for Vertex Implacryl (Figure 34). For all materials tested, the
effect of saliva on the decrease in adherence of these four different strains of S. epidermidis
cells was not significant (P ≤ 0.05).
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Figure 34. Percentage change in adhesion of S. epidermidis, strains VCU116, ATCC 12228,
ATCC 14990, CDC S-59, ATCC 49134, when materials were coated in saliva from healthy
volunteers

4.4.2.4 The effect of pooled saliva from patients on adhesion of S. epidermidis VCU116
The effect of saliva from a group of 6 patients who had had maxillary resection surgery and
radiotherapy was studied to determine whether their saliva altered adherence of S. epidermidis
to obturator materials. All patients had an obturator prosthesis, and saliva samples were taken
at various stages of their prosthodontic treatment. Incubating the materials in saliva reduced
binding of the S. epidermidis cells to all materials compared with not incubating the materials
in saliva (Figure 35). The percentage of input cells binding to the materials ranged from
3.35% ± 1.06% for Vertex Regular (compared with 4.32% ± 0.72% with no saliva and 2.95%
± 0.96% with saliva from volunteers) to 5.51% ± 1.01% for Viscogel (compared with 6.39%
± 0.89% with no saliva and 5.21% ± 0.92% with saliva from volunteers). The effect of saliva
on the decrease in adherence of the S. epidermidis VCU116 cells compared with uncoated
materials was not significant for any of the materials tested (P ≤ 0.05). The percentage
decrease in adhesion of the S. epidermidis cells when the materials were coated in saliva
ranged from -13% for Viscogel to -23% for Vertex Regular (Figure 36). There was a trend for
the reduction in adherence of the S. epidermidis cells to materials coated in saliva from
control healthy controls to be greater than the reduction in adherence of the S. epidermidis
cells to materials coated in saliva from patients, but this was not significant (P ≤ 0.05).
!

135

no saliva
saliva from control individuals
saliva from patients who received radiotherapy

% input cells adhering to obturator materials

8

6

4

2

m

M

ol

lo

Si

pl

la

as

gu

tB

er
lin
ftSo

Tissue conditioner

Self-cured acrylic

Heat-cured acrylic

Vi
sc
og
el

C
as
ta
pr
es
s

K

oo

lin

er

R
im
se
al

Ve
rt
ex

Ve
rt
ex

R
eg
ul
ar

Im
pl
ac
ry
l

0

Silicone

Obturator Prosthetic Material

Figure 35. Mean values for adhesion of S. epidermidis VCU116 to obturator materials without
saliva, with saliva from healthy volunteers, or with saliva from patients with an obturator who
had received radiotherapy (± SD)
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Figure 36. Percentage change in adhesion of S. epidermidis VCU116 when materials were coated
in pooled saliva from patients compared with no saliva coating
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4.4.2.5 The effect of pooled saliva from patients on adhesion of four laboratory strains
of S. epidermidis
The effect of saliva from the same group of six patients that had had maxillary resection
surgery and radiotherapy was studied to determine whether their saliva would also reduce
adherence of the four laboratory strains of S. epidermidis, (strains ATCC 12228, ATCC
14990, CDC S-59 and ATCC 49134) to the obturator materials. Coating the materials in
saliva from patients reduced binding of the four strains of S. epidermidis to all materials
compared with not incubating the materials in saliva (Table 19 and Figure 37).

Table 19. Mean values for adhesion of four S. epidermidis strains, ATCC 12228, ATCC 14990,
CDC S-59, ATCC 49134, to uncoated material and to material coated in saliva from volunteers
and saliva from patients (± SD)
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Vertex*
Regular*
Vertex*
Implacryl*
Rimseal*

Kooliner*

Castapress*

Viscogel*

Soft>liner*

Molloplast*B*

Silagum*
* No Saliva

!

ATCC*12228*

ATCC*14990*

CDC*S>50*

ATCC*49134*

*!

**)

***)

*!

**!

***!

*!

**!

***!

*!

**!

***!

Mean*

3.47!

2.31!

2.61!

4.76!

3.55!

3.95!

3.52!

2.39!

2.55!

3.11!

2.22!

2.58!

SD*

0.78!

0.83!

0.91!

0.76!

1.01!

0.95!

0.91!

0.63!

0.93!

0.97!

0.79!

0.87!

Mean*

3.38!

2.39!

2.79!

4.83!

3.81!

4.09!

3.37!

2.38!

2.78!

3.2!

2.27!

2.69!

SD*

0.83!

0.88!

0.87!

0.81!

0.95!

1.02!

0.89!

0.75!

1.02!

0.93!

0.68!

0.9!

Mean*

4.33!

3.52!

3.8!

6.12!

5.11!

5.56!

4.57!

3.45!

3.75!

4.64!

3.39!

3.88!

SD*

0.75!

1!

1.12!

1.06!

0.99!

1.05!

1.03!

1!

1.06!

0.91!

0.96!

1!

Mean*

4.19!

3.49!

3.75!

6.13!

5.09!

5.68!

4.43!

3.36!

3.69!

4.46!

3.55!

3.77!

SD*

0.63!

0.91!

0.94!

0.88!

1.12!

1.07!

0.85!

0.84!

0.94!

0.96!

0.92!

0.99!

Mean*

4.28!

3.73!

3.99!

6.45!

4.92!

5.44!

4.33!

3.26!

3.86!

4.25!

3.59!

3.87!

SD*

0.56!

0.97!

0.93!

0.75!

0.93!

1.01!

1.02!

0.92!

0.9!

1.08!

0.85!

0.93!

Mean*

5.09!

3.95!

4.51!

6.63!

5.57!

5.99!

5!

3.99!

4.39!

5.01!

3.94!

4.34!

SD*

0.88!

0.91!

1.03!

1.05!

1.04!

1.03!

0.95!

0.92!

1!

0.88!

0.96!

1.01!

Mean*

4.97!

4.01!

4.41!

6.79!

5.42!

6.14!

5.45!

4.07!

4.61!

5.77!

4.17!

4.58!

SD*

0.81!

1.03!

1.05!

0.86!

0.93!

1.09!

1.13!

1.01!

1.05!

1.04!

0.96!

1.02!

Mean*

3.82!

3.07!

3.26!

5.37!

4.11!

4.55!

4.02!

2.89!

3.23!

4.04!

2.99!

3.26!

0.9!

0.96!

1.01!

0.83!

0.93!

0.98!

0.98!

0.75!

0.9!

1.06!

0.83!

0.9!

Mean*

4.34!

3.64!

3.94!

6.32!

4.94!

5.37!

4.93!

3.51!

3.91!

4.91!

3.6!

3.92!

SD*

1.12!

1.21!

1.03!

1.17!

0.83!

0.8!

0.82!

0.91!

1.03!

1.07!

0.82!

0.96!

SD*

** Control Saliva

*** Patient Saliva
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Figure 37. Mean values for adhesion of four S. epidermidis strains ATCC 12228, ATCC 14990, CDC S-59, ATCC 49134, to uncoated material and to
material coated in saliva from volunteers and saliva from patients (± SD)
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The effect of saliva from patients on the decrease in adherence of the four strains S.
epidermidis cells, compared with uncoated materials was not significant for any of the
materials tested (P ≤ 0.05). Compared with uncoated materials, the percentage decrease in
ATCC 12228 input cells binding to the materials ranged from -7% for Castapress to -25% for
Vertex Regular. For ATCC 14990, the percentage decrease in input cell binding ranged from 8% for Kooliner to -17% for Vertex Regular. For CDC S-59, the percentage decrease in
binding of input cells ranged from -11% for Castapress to -28% for Vertex Regular. For
ATCC 49134, the percentage decrease in binding of input cells ranged from -9% for
Castapress to -21% for Soft-liner (Figure 38). There was a trend for the reduction in
adherence of the S. epidermidis cells to materials coated in saliva from volunteers to be
greater than the reduction in adherence of the S. epidermidis cells to materials coated in saliva
from patients, but this was not significant (P ≤ 0.05).
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Figure 38. Percentage change in adhesion of 5 strains of S. epidermidis, VCU116, ATCC 12228,
ATCC 14990, CDC S-59, ATCC 49134, when obturator materials were coated in pooled saliva
from patients

4.4.3 Binding of S. epidermidis in a flow adhesion chamber
The adhesion of S. epidermidis VCU116 to the nine materials used in section 4.4.1 was
investigated in experiments carried out under flow conditions using a parallel plate flow
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chamber. The flow chamber was mounted on the stage of a phase-contrast microscope with a
40x objective for observation of the bacteria as described in section 2.13.3. With this system it
was possible to directly monitor, in real-time, the initial adhesion of S. epidermidis to the
lower material plate made from obturator material in a field of view of 0.5 mm2.
Adhesion of S. epidermidis to the two heat-cured acrylic materials was less than to all other
materials, and adhesion was greatest to the two tissue conditions. Adhesion to the self-cure
acrylics and the self-cure silicone was greater than to the heat-cured silicone, Molloplast-B,
but less than adhesion to the tissue conditioners. Adhesion to Molloplast-B was less than that
to any of the other materials except the heat-cured acrylics (Figure 39). The variation in data
for repeated experiments from separate batch cultures of S. epidermidis had a standard
deviation of around 20% of the mean adhesion values.
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Figure 39. Mean values for adhesion of S. epidermidis VCU116 to obturator materials.
Representative results of an experiment repeated three times

The effect of saliva on the adherence of S. epidermidis VCU116 to the nine materials used in
section 4.4.1 was investigated. Whole saliva from 6 healthy volunteers was pooled and diluted
50% with KCl as described in section 2.8. Incubating the materials in whole pooled saliva
reduced binding of the S. epidermidis VCU116 cells to all materials compared with not
incubating the materials in saliva (Figures 40 to 48). Adhesion of S. epidermidis VCU116 to
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obturator materials following coating the material in saliva from volunteers was less that that
found when materials were not coated in saliva. The same trend with adhesion of S.
epidermidis VCU116 to obturator materials was observed following coating the material in
saliva from volunteers as was found when materials were not coated in saliva. Adhesion of S.
epidermidis VCU116 to the two heat-cured acrylic materials, Vertex Regular and Vertex
Implacryl, was less than that to all other materials, and adhesion was greatest to the two tissue
conditioners. There was also a trend that adhesion to the self-cured acrylics and the self-cured
silicone was greater than to the heat-cured silicone, Molloplast-B, but less that adhesion to the
tissue conditioners. Adhesion to Molloplast-B was less than to any of the other materials
except the heat-cured acrylics (Figure 49).
The effect of saliva from a group of 6 patients that had had maxillary resection surgery and
radiotherapy was then investigated to determine whether their saliva promoted adherence of S.
epidermidis VCU116 to obturator materials under flow conditions. Incubating the materials in
saliva from patients reduced binding of the S. epidermidis VCU116 to all materials compared
with not incubating the materials in saliva (Figures 40 to 48). The same trend with adhesion
of S. epidermidis to different obturator materials was observed following coating the material
in saliva from patients as was found when materials were coated in saliva from volunteers and
when the materials were not coated in saliva (Figure 50). The effect saliva from volunteers on
the adherence of S. epidermidis VCU116 to obturator materials was less than the effect of
saliva from patients for all materials tested.
The percentage decrease in adhesion of the S. epidermidis VCU116 cells when the materials
were coated in saliva from volunteers ranged from -15% for Vertex Regular to -22% for Softliner compared with the percentage decrease in adhesion when the materials were coated in
saliva from patients that ranged from -9% for Vertex Implacryl to -14% for Viscogel (Figure
51). There was a trend for the reduction in adherence of the S. epidermidis VCU116 cells to
materials coated in saliva from volunteers to be greater than the reduction in adherence of the
S. epidermidis VCU116 cells to materials coated in saliva from patients. The variation in data
for repeated experiments from separate batch cultures of S. epidermidis VCU116 had a
standard deviation of around 20% of the mean adhesion values.

!

141!

S. epidermidis to heat acrylic with and without saliva

number of S. epidermidis cells attached/cm2

8000

6000

4000

No saliva
Patient saliva
Volunteer saliva
2000

0

0

10

20

30

40

50

60

70

80

90

100

110

120

time (min)

Figure 40. Mean values for adhesion of S. epidermidis VCU116 to Vertex Regular with no saliva
or saliva from healthy volunteers or patients
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Figure 41. Mean values for adhesion of S. epidermidis VCU116 to Vertex Implacryl with no
saliva or saliva from healthy volunteers or patients
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S. epidermidis attaching to Molloplast with and without saliva
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Figure 42. Mean values for adhesion of S. epidermidis VCU116 to Molloplast-B with no saliva or
saliva from healthy volunteers or patients
S. epidermidis attaching to Rimseal with and without saliva
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Figure 43. Mean values for adhesion of S. epidermidis VCU116 to Rimseal with no saliva or
saliva from healthy volunteers or patients
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S. epidermidis attaching to Castapress with and without saliva
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Figure 44. Mean values for adhesion of S. epidermidis VCU116 to Castapress with no saliva or
saliva from healthy volunteers or patients
S. epidermidis attaching to Kooliner with and without saliva
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Figure 45. Mean values for adhesion of S. epidermidis VCU116 to Kooliner with no saliva or
saliva from healthy volunteers or patients
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S. epidermidis attaching to Silagum with and without saliva
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Figure 46. Mean values for adhesion of S. epidermidis VCU116 to Silagum with no saliva or
saliva from healthy volunteers or patients
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Figure 47. Mean values for adhesion of S. epidermidis VCU116 to Viscogel with no saliva or
saliva from healthy volunteers or patients
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S. epidermidis attaching to Softliner with and without saliva
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Figure 48. Mean values for adhesion of S. epidermidis VCU116 to Soft-liner with no saliva or
saliva from healthy volunteers or patients
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Figure 49. Mean values for adhesion of S. epidermidis VCU116 to obturator materials following
coating of the materials in saliva from healthy volunteers
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Figure 50. Mean values for adhesion of S. epidermidis VCU116 to obturator materials following
coating of the materials in saliva from patients
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Figure 51. Percentage change in adhesion of S. epidermidis VCU116 when obturator materials
were coated in saliva from controls and patients
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Three phases of attachment were observed. Phase 1 was the initial phase of adhesion that had
the most rapid rate of attachment of the S. epidermidis cells: phase 2 was an accumulation
phase where cell attachment continued but at a slower rate than phase 1, and phase 3 was a
slow accumulation phase where attachment sites were almost saturated so attachment
occurred at a slow rate (Table 20).

Table 20. Rate of attachment of S. epidermidis VCU116 cells to different materials in the three
phases of attachment without saliva or with saliva from healthy volunteers or patients
Phase(1(
(rapid(accumulation)((
Material(

no.!cells!
attaching!
per!min!

duration!
(min)!

no&saliva&

127!

no.!cells!
attaching!
per!min(

duration!
(min)(

34!

42!

control&saliva&

118!

34!

patient&saliva&

120!

Heat:cured(acrylic(
Vertex&Regular&

Vertex&Implacryl&

Silagum&

Castapress!

Kooliner&

Soft<liner&

!

28!

8!

58!

38!

22!

7!

64!

34!

41!

20!

8!

66!

!

!

no&saliva&

138!

32!

52!

30!

10!

58!

134!

30!

49!

22!

8!

64!

patient&saliva&

135!

30!

49!

22!

9!

68!

!

!

!

no&saliva&

150!

32!

58!!

32!

8!!

58!

control&saliva&

142!!

28!

55!!

26!

7!!

64!

patient&saliva&

144!!

28!

56!

36!

7!!

68!

no&saliva&

191!!

30!

79!!

38!

8!!

54!

control&saliva&

183!!

28!

64!!

38!

6!!

54!

patient&saliva&

186!!

30!

72!!

36!

7!!

54!

!

!

!

no&saliva!

184!!

32!

74!!

36!

8!!

52!

control&saliva!

177!!

28!

60!!

40!

7!!

52!

patient&saliva!

179!

30!

68!!

36!

7!!

54!

no&saliva!

190!!

32!

73!!

36!

7!!

54!

control&saliva!

183!!

28!

61!!

28!

7!!

64!

patient&saliva!

185!!

32!

64!!

28!

7!!

60!

no&saliva&

189!!

28!

73!!

36!

7!!

54!

control&saliva&

184!!

28!

65!!

36!

6!!

54!

patient&saliva&

187!!

30!

70!!

34!

7!!

54!

Tissue(Conditioner(
Viscogel&

duration!
(min)(

control&saliva&

Self:cured(acrylic(
Rimseal!

Phase(3(
(slow(accumulation)((
no.!cells!
attaching!
per!min(

!

Silicone(
Molloplast&B&

Phase(2((
(accumulation)((

!

!

!

no&saliva&

228!!

28!

73!!

40!

8!

52!

control&saliva&

199!!

30!

64!!

36!

7!

48!

patient&saliva&

209!!

30!

71!!

34!

7!!

56!

no&saliva&

237!!

30!

74!!

34!

7!!

56!

control&saliva&

203!!

30!

67!!

34!

7!!

56!

patient&saliva&

207!!

28!

72!!

40!

7!!

52!
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The rate of attachment of S. epidermidis VCU116 cells in phase 1 and phase 2 is shown in
Figure 52 for the heat-cured acrylics, Figure 53 for the silicone materials, Figure 54 for the
self-cured acrylics and Figure 55 for the tissue conditioners. The figures do not include phase
3 (slow accumulation) because the average number of cells attaching per minute was, on
average 7 cells per minute (range 6 to 10) for all materials tested when the materials were not
coated in saliva, or were coated in saliva from either volunteers or patients.

number of cells attaching to obturator material per minute
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Figure 52. Rate of attachment of S. epidermidis cells to the heat-cured acrylic materials in phases
one (rapid accumulation) and two (accumulation) of attachment without saliva or with saliva
from controls or patients (± SD)
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Figure 53. Rate of attachment of S. epidermidis VCU116 cells to the silicone materials in phases
one (rapid accumulation) and two (accumulation) of attachment without saliva or with saliva
from controls or patients (± SD)
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Figure 54. Rate of attachment of S. epidermidis VCU116 cells to the self-cured acrylic materials
in phases one (rapid accumulation) and two (accumulation) of attachment without saliva or with
saliva from controls or patients (± SD)
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Figure 55. Rate of attachment of S. epidermidis VCU116 cells to the tissue conditioner materials
in phases one (rapid accumulation) and two (accumulation) of attachment without saliva or with
saliva from controls or patients (± SD)

4.4.4 Influence of selected salivary proteins on adhesion of S. epidermidis
VCU116 to representative obturator materials
After identifying that saliva decreases adhesion of S. epidermidis VCU116 to obturator
materials, two abundant salivary proteins were investigated to determine whether they could
be contributing to this effect, and bovine serum albumin (BSA) was used as a adhesion
blocking (negative) control. The influence of α-amylase and mucin on the adhesion of S.
epidermidis VCU116 to a heat-cured acrylic (Vertex Regular), a self-cured acrylic (Rimseal),
a tissue conditioner (Viscogel), a self-cured silicone (Silagum) and a heat-cured silicone
(Molloplast-B) was investigated in experiments repeated 3 times, as described in section
2.13.1.
For all of these studies, the percentage of input cells binding to the materials that had not been
incubated in saliva, BSA, mucin or α-amylase ranged from 4.21% ± 1.07% for Vertex
Regular to 6.31% ± 1.01% for Viscogel. Incubating the materials in whole pooled saliva
reduced binding of the S. epidermidis VCU116 cells to all materials compared with not
incubating the materials in saliva as expected. Following incubating the obturator materials in
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saliva, the percentage of input cells binding to the materials ranged from 3.07% ± 0.95% for
Vertex Regular to 5.42% ± 0.98% for Viscogel.
4.4.4.1 Bovine serum albumin
Following incubating the obturator materials in 1.0, 0.5, 0.25, 0.125, 0.1, 0.0625, 0.0312 or
0.01 mg/ml BSA, adhesion of S. epidermidis VCU116 was reduced in a dose dependent
manner compared with incubating the obturator materials in KCl (Table 21 and Figure 56).

Table 21. Effect of BSA on adhesion of S. epidermidis VCU116 to obturator materials. Values
are % of input cells adhering
Vertex(Regular(
Addition(to(assay(

Rimseal(

Silagum(

Viscogel(

Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

KCL(no(BSA(

4.18!

1.07!

5.01!

1.02!

5.18!

1.07!

6.09!

1.08!

6.31!

1.12!

Saliva(no(BSA(

3.07!

1.11!

3.81!

0.95!

3.97!

1.01!

4.76!

0.99!

5.42!

0.98!

0.0001(

3.91!

0.95!

4.71!

0.98!

5.01!

1.04!

5.83!

1.01!

5.99!

1.09!

0.001(

3.41!

1.01!

4.42!

1.06!

4.61!

1.07!

5.73!

1.04!

5.88!

1.12!

0.01(

2.74!

0.91!

3.21!

0.98!

3.31!

0.94!

3.79!

0.99!

4.02!

1.02!

0.0312(

2.34!

0.82!

2.81!

0.71!

2.83!

0.75!

3.31!

0.88!

3.41!

0.81!

0.0625(

2.13!

0.84!

2.39!

0.93!

2.40!

0.89!

2.84!

0.81!

2.93!

0.79!

0.1(

1.98!

0.83!

2.15!

0.73!

2.20!

0.71!

2.35!

0.82!

2.41!

0.77!

0.125(

1.89!

0.77!

1.99!

0.81!

2.01!

0.85!

2.09!

0.79!

2.19!

0.82!

0.25(

1.59!

0.59!

1.61!

0.63!

1.65!

0.71!

1.81!

0.67!

1.85!

0.56!

0.5(

1.28!

0.51!

1.38!

0.57!

1.44!

0.65!

1.51!

0.64!

1.55!

0.49!

1.0(

1.10!

0.45!

1.16!

0.41!

1.20!

0.49!

1.22!

0.46!

1.29!

0.51!

BSA(mg/ml(

!

Molloplast(B(
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Figure 56. Adhesion of S. epidermidis VCU116 to representative obturator materials following
incubation with BSA

There was a significant reduction in adhesion of S. epidermidis VCU116 to all obturator
materials that had been incubated in 1.0, 0.5 and 0.25 mg/ml BSA compared with incubating
the materials in KCl or in saliva (p < 0.05) (Table 21 and Figure 56). The adhesion of S.
epidermidis VCU116 to all materials incubated in 0.125, 0.1, 0.0625, 0.0312 and 0.01 mg/ml
BSA was less than adhesion to materials incubated in saliva but this difference was not
significant, and for obturator materials incubated in 0.001, and 0.0001 mg/ml BSA, the
adhesion of S. epidermidis VCU116 was significantly greater (P > 0.05) than adhesion to
materials incubated in saliva (Table 21 and Figure 56).
4.4.4.2 Mucin
Following incubating the obturator materials in 1.0, 0.5, 0.25, 0.125, 0.1, 0.0625, 0.0312 or
0.01 mg/ml mucin, adhesion of S. epidermidis VCU116 was reduced in a dose dependent
manner compared with incubating the obturator materials in KCl (Table 22 and Figure 57).
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Table 22. Effect of mucin on adhesion of S. epidermidis VCU116 to obturator materials. Values
are % of input cells adhering
Vertex(Regular(

Molloplast(B(

Rimseal(

Silagum(

Viscogel(

Addition(to(assay!
Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

KCL(no(mucin(

4.18!

1.07!

5.01!

1.02!

5.18!

1.07!

6.09!

1.08!

6.31!

1.12!

Saliva(no(mucin(

3.07!

1.11!

3.81!

0.95!

3.97!

1.01!

4.76!

0.99!

5.42!

0.98!

0.0001(

3.95!

0.98!

4.79!

1.09!

4.81!

1.11!

5.89!

0.98!

5.92!

1.11!

0.001(

3.54!

1.01!

4.25!

0.98!

4.39!

1.01!

5.31!

1.05!

5.59!

1.01!

0.01(

2.89!

0.98!

3.22!

0.91!

3.42!

0.98!

3.67!

0.88!

3.99!

1.06!

0.0312(

2.25!

0.55!

2.79!

0.88!

2.98!

0.92!

3.33!

0.79!

3.44!

0.96!

0.0625(

1.91!

0.69!

2.37!

0.79!

2.45!

0.81!

2.71!

0.75!

2.99!

0.93!

0.1(

1.79!

0.52!

2.01!

0.68!

2.14!

0.61!

2.19!

0.74!

2.49!

0.74!

0.125(

1.68!

0.61!

1.84!

0.61!

1.99!

0.74!

2.03!

0.81!

2.41!

0.84!

0.25(

1.39!

0.47!

1.52!

0.68!

1.54!

0.57!

1.74!

0.49!

1.75!

0.58!

0.5(

1.24!

0.44!

1.32!

0.49!

1.38!

0.44!

1.45!

0.51!

1.48!

0.46!

1.0(

1.01!

0.35!

1.09!

0.45!

1.12!

0.31!

1.14!

0.35!

1.19!

0.39!

mucin(
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Figure 57. Adhesion of S. epidermidis VCU116 to representative obturator materials following
incubation with mucin

There was a significant reduction (P < 0.05) in adhesion of S. epidermidis VCU116 to all
obturator materials that had been incubated in 1.0, 0.5 and 0.25 mg/ml mucin compared with
incubating the materials in KCl or in saliva (Table 22 and Figure 57). In comparison, the
adhesion of S. epidermidis VCU116 to all materials incubated in 0.125, 0.1, 0.0625, 0.0312
!
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and 0.01 mg/ml mucin was less than adhesion to materials incubated in saliva but this
difference was not significant, and for obturator materials incubated in 0.001, and 0.0001
mg/ml mucin, the adhesion of S. epidermidis VCU116 was greater than adhesion to materials
incubated in saliva (Table 22 and Figure 57).
4.4.4.3 α-amylase
Following incubation of the obturator materials in 1.0, 0.5, 0.25, 0.125, 0.1, 0.0625, 0.0312,
0.01, 0.001 or 0.0001 mg/ml α-amylase, there was no significant difference in the adhesion of
S. epidermidis compared with the control of incubating the obturator materials in KCl (Table
23 and Figure 58).

Table 23. Effect of α-amylase on adhesion of S. epidermidis VCU116 to obturator materials.
Values are % of input cells adhering
Addition(to(assay!

Molloplast(B(

Rimseal(

Silagum(

Viscogel(

Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

Mean&

SD&

KCL(no(α:amylase(

4.18!

1.07!

5.01!

1.02!

5.18!

1.07!

6.09!

1.08!

6.31!

1.12!

Saliva(no(α:amylase(

3.07!

1.11!

3.81!

0.95!

3.97!

1.01!

4.76!

0.99!

5.42!

0.98!

0.0001(

4.41!

1.11!

5.24!

1.02!

5.54!

1.13!

5.95!

1.15!

6.55!

1.03!

0.001(

4.21!

1.01!

5.19!

1.21!

5.25!

1.04!

6.24!

1.19!

6.11!

1.06!

0.01(

4.06!

0.98!

5.64!

1.04!

5.38!

0.93!

5.79!

1.08!

6.32!

0.98!

0.0312(

4.24!

0.92!

5.01!

1.15!

5.21!

0.97!

6.45!

1.11!

6.38!

1.08!

0.0625(

4.15!

0.81!

5.32!

1.04!

5.45!

0.88!

6.12!

1.15!

6.05!

1.11!

0.1(

4.28!

0.97!

5.51!

1.17!

5.11!

0.97!

6.22!

1.08!

6.27!

1.07!

0.125(

4.09!

0.87!

5.19!

1.01!

4.99!

0.87!

5.83!

1.04!

6.19!

0.98!

0.25(

4.29!

1.09!

5.36!

1.12!

5.12!

1.09!

5.99!

1.09!

6.41!

1.01!

0.5(

4.13!

0.89!

5.12!

1.07!

4.93!

0.89!

6.02!

1.06!

6.07!

1.07!

1.0(

3.98!

0.95!

4.94!

1.03!

4.84!

0.98!

6.03!

0.92!

5.89!

0.99!
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mg/ml(

!
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Figure 58. Adhesion of S. epidermidis VCU116 to representative obturator materials following
incubation with α-amylase

4.4.5 Aggregation of S. epidermidis VCU116 by mucin and BSA
To explain why mucin and BSA may have reduced the adhesion of S. epidermidis VCU116 to
obturator materials, an investigation of bacterial aggregation was carried out as described in
section 2.13.1. Following incubation of S. epidermidis VCU116 in 1.0 mg/ml mucin or BSA,
microscopic examination revealed that aggregation of S. epidermidis had occurred (Figure 59).
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Figure 59. Aggregation of S. epidermidis VCU116 following incubation with mucin at 1.0 mg/ml
(left) or BSA at 1.0 mg/ml (right) (40 x magnification)

This was repeated with mucin at concentration of 0.1 and 0.01 mg/ml to determine whether
aggregation occurred with lower concentrations of mucin. Microscropic investigation found
that aggregation of S. epidermidis VCU116 also occurred (Figure 60).

Figure 60. Aggregation of S. epidermidis following incubation with mucin at 0.1 mg/ml (left) or
BSA at 0.01 mg/ml (right) (40 x magnification)

Aggregation of S. epidermidis did not occur when incubated in 1.0, 0.1 or 0.01 mg/ml αamylase (Figure 61).
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Figure 61. No aggregation of S. epidermidis VCU116 occurred following incubation with αamylase at 1.0 mg/ml (40 x magnification)

Aggregation of S. epidermidis VCU116 was also found to occur in the flow adhesion studies
following incubation of the obturator materials in saliva (Figure 62).

Figure 62. Examples of aggregation of S. epidermidis in the flow adhesion studies when
obturator materials were incubated in saliva (40 x magnification)

In comparison, aggregation of S. epidermidis VCU116 was not found to occur in flow
adhesion studies when the obturator materials were not first incubated in saliva (Figure 63).
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Figure 63. An example showing that no aggregation of S. epidermidis occurred in the flow
adhesion studies when obturator materials were not incubated in saliva (40 x magnification)

4.5 Discussion
In this chapter, the surface properties of obturator materials were investigated. The adhesion
of S. epidermidis to obturator materials and the influence of saliva on adhesion were also
investigated.
Material surface characteristics, such as surface free energy, hydrophobicity, and surface
roughness have been reported to influence the initial adhesion of microorganisms
(Katsikogianni and Missirlis, 2004; Boks et al., 2008; Busscher et al., 2010). Generally, the
less hydrophobic (Boks et al., 2008; Boks et al., 2009; Busscher et al., 2010) and rougher
(Bollen et al., 1997; Teughels et al., 2006) the material surface is, the more attractive it is to
microorganisms. The number of papers, however, that report exceptions is as high as the
number of papers showing these relationships (Bos et al., 1999; Bakker et al., 2004; Busscher
et al., 2010). In general, it can be concluded that an increase in surface roughness above a
threshold of 0.2 µm as reported by Bollen et al. (1997) and/or an increase in surface free
energy (Busscher et al., 2010) facilitates microbial attachment. When both surface
characteristics vary, surface roughness has been found to be more significant (Teughels et al.,
2006). The surface roughness values recorded in this study were higher than those previously
reported in the dental literature because of the method used to quantify the surface roughness.
In this study, a more accurate method of using computer software to calculate surface
roughness from data acquired from topographical confocal microscopy images was used
rather than the potentially less accurate, but more commonly used technique of stylus
!
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profilometry (Abramoff et al., 2004; Chinga et al., 2007). While the surface roughness values
were higher in this study, the relative rankings of material surface roughness were similar.
This study found that heat-cured acrylic had the lowest surface roughness followed by heatcured silicone, then tissue conditioner, self-cured silicone and the material with the highest
surface roughness was self-cured acrylic, which is consistent with other reports in the dental
literature (Nevzatoglu et al., 2007).
The chemical composition of the materials with associated differences in surface energy (or
hydrophobicity) could also have contributed to S. epidermidis adhesion. In this study, material
surface energy and hydrophobicity were determined by measuring the contact angle of the
obturator materials. It was found that the least hydrophobic material, with the highest surface
energy and lowest contact angle, was the tissue conditioners followed by the self-cured
silicone, the self-cured acrylics, and the heat-cured silicone. The heat-cured acrylics had the
highest contact angle, and were therefore the most hydrophobic of the materials tested and
had the lowest surface energy. From the contact angle measurements it was possible to
determine that the surface most attractive for bonding based on surface energy was the tissue
conditioners, which had the lowest contact angle, and were most hydrophilic. The material
least attractive for attachment based on surface energy was the heat-cured acrylics, followed
by the heat-cured silicones, the self-cured acrylics and the self-cured silicone, which was the
same as was found with the S. epidermidis adhesion studies. However, there have been
variable reports on the influence of surface hydrophobicity on microbial adhesion (Quirynen
et al., 1994; Boks et al., 2008; Hannig and Hannig, 2009; Mei et al., 2009a; Tang et al., 2009;
Busscher et al., 2010), with Price et al. (2002) suggesting that hydrophobicity was not a
significant factor. Overall, when surface roughness and hydrophobicity were considered
together in this study, there was a correlation with obturator material surface characteristics
and the adhesion of S. epidermidis (Table 24). Generally, the greater the surface roughness
and the lower the contact angle (and hydrophobicity) of the obturator material, the greater was
the adhesion of S. epidermidis, a finding that is in agreement with what has been reported in
the literature.
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Table 24. Summary of adherence of S. epidermidis to obturator materials and obturator material
surface characteristics

tissue&
conditioner&

1 = lowest – 9 = highest

In this study, adhesion was investigated using static (radiolabeled cells) and flow (parallel
plate flow chamber) adhesion studies; both showed that S. epidermidis adheres to all obturator
materials. Attachment of S. epidermidis was least to heat-cured acrylic, followed by heat
processed silicone, then self-cured silicone and the self-cured acrylics; adhesion was greatest
to tissue conditioners. It was also found that the clinical strain obtained from an obturator, S.
epidermidis VCU116, had similar adherence properties to the laboratory strains. Adherence of
S. epidermidis VCU116 to obturator materials was similar to the type strain from the nose,
which had the greatest adherence of the strains studied, suggesting that S. epidermidis
VCU116 was a relevant clinical isolate to investigate in this study. S. epidermidis is a skin
colonising bacteria that usually maintains a commensal relationship with its host, but has been
shown to be the most common cause of infections on indwelling medical devices (Otto,
2009). S. epidermidis cells have been shown to adhere to and colonise oral surfaces including
mucosa (Otto, 2009), denture acrylic (Taylor et al., 1998), and silicone (Tang et al., 2009).
Successful adhesion of microorganisms such as S. epidermidis is considered to be the first
step in pathogenesis by this bacterium (Cheung and Otto, 2010), and without this adherence in
the oral cavity, these microorganisms would be removed when saliva or food is being
swallowed (Nobbs et al., 2011).
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The static adhesion assay using radiolabeled cells showed a trend for S. epidermidis to adhere
most to the tissue conditioner materials (Viscogel and Soft-liner) and least to heat-cured
acrylic (Vertex Regular and Vertex Implacryl), results that were corroborated in a flow
adhesion study using a parallel plate flow chamber. The flow adhesion study also found that
adhesion of S. epidermidis was least to the heat-cured acrylics, followed by a heat-cured
silicone, then the self-cure acrylics and silicones, with adhesion most to the tissue
conditioners. Similar findings have been reported in the literature with C. albicans (Verran
and Maryan, 1997; Radford et al., 1998; Bulad et al., 2004; Nevzatoglu et al., 2007; Pavan et
al., 2010; Vural et al., 2010) but not with bacteria. This may be because C. albicans is the
microorganism most commonly associated with denture-related infections (Seneviratne et al.,
2008a) and, on their own, bacteria are less likely to cause denture and obturator-related
infections except in the immunocompromised patient (Bryers, 2008; Otto, 2009; Terezakis et
al., 2011).
The flow adhesion study showed that there were three distinct phases of attachment in each 2hour study. Phase one was a rapid accumulation phase with exponentially increasing numbers
of S. epidermidis cells attaching each time period; this was also the time period that showed
the greatest difference in the number of cells attaching per time period, compared with the
other two phases. With all materials tested, the rapid accumulation phase of attachment
occurred for approximately 30 min (range 28 to 34 minutes), and may have corresponded to
the initial stages of attachment to a clean surface, where planktonic micoorganisms move to,
or are moved to, a material surface through, and by the effects of, physical forces such as
Brownian motion, van der Waals attraction forces, gravitational forces, the effect of surface
electrostatic charge, and hydrophobic interactions (An and Friedman, 1998; Boks et al.,
2008). The attachment of microorganisms such as S. epidermidis to material surfaces in the
initial phase of adhesion is by non-specific and/or specific receptor:ligand adhesion
mechanisms (Busscher et al., 1992a) using microbial protein adhesins for pellicle attachment
(Nobbs et al., 2011). The number of cells attaching per minute ranged from 127 for the heatcured acrylic Vertex Regular, to 237 for the tissue conditioner, Soft-liner. The second phase,
which involved an accumulation of S. epidermidis cells, occurred for approximately 34
minutes (range 28 to 40 minutes). The number of cells attaching per minute was less than in
the rapid accumulation phase, and ranged from 42 cells attaching per minute for Vertex
Regular to 74 cells per minute for Soft-liner. The third phase, the slow accumulation phase,
occurred over the remaining 56 minutes (range 52 to 58 minutes). The number of cells
attaching per minute was, on average, 8 cells per minute (range 7 to 10 cells per minute) and
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may have represented a phase where there were a reduced number of binding sites available
in this monospecies environment.
As well as the influence of the obturator material surface properties, it has been proposed that
the presence of salivary proteins can also influence microbial adhesion (Edgerton et al., 1993;
Nikawa et al., 1993; Cannon et al., 1995; Millsap et al., 1999; MacKintosh et al., 2006;
Moura et al., 2006; Pereira-Cenci et al., 2007). To investigate this, the influence of saliva on
the adherence of S. epidermidis to obturator materials was investigated, and a trend was found
for saliva to decrease the adhesion of S. epidermidis to all obturator materials compared with
no saliva, but the difference was not significant. A static adhesion assay showed that there
was a decrease in adhesion for all strains of S. epidermidis by up to 32 % when the materials
were coated in saliva from volunteers, with a range from -13 % for a self-cured acrylic
(Castapress) to -32 % for a heat-cured acrylic (Vertex Regular). A flow adhesion model also
found that saliva decreased the adhesion of S. epidermidis to the nine materials tested by up to
20%, with a range from -13% for Vertex Regular to -20 % for Soft-liner. The similarity of the
results of the effect of saliva on adhesion of S. epidermidis to obturator materials also
indicates that the two adhesion assays used in this study were robust. Contradictory results
have been reported from in vitro studies in respect to the influence of saliva on bacterial
adhesion (Mei et al., 2009a; Hu et al., 2011). A few have found that a salivary conditioning
film has no apparent effect (Hu et al., 2011), but most studies, have reported that a saliva
coating reduces bacterial adherence (Olsson et al., 1990; Busscher et al., 1992b; Vasilas et al.,
1992; Cisar et al., 1997; Mei et al., 2009a; Mei et al., 2009b; Mei et al., 2009c). The
observation that a salivary film reduces oral microbial adhesion to an underlying surface
compared with a bare surface is not unexpected because of the surface modulating properties
and the protective function generally ascribed to saliva (Lendenmann et al., 2000; Van Nieuw
Amerongen et al., 2004).
The influence of saliva from patients who had received radiotherapy on adhesion of S.
epidermidis to obturator materials was investigated. It was found that patient saliva also
decreased the adhesion of S. epidermidis to all the materials tested. The percentage decrease
in adhesion of the S. epidermidis cells, when the materials were coated in this saliva, ranged
from -13 % for Viscogel to -23 % for Vertex Regular. A flow adhesion model also found that
saliva decreased the adhesion of S. epidermidis to the nine materials tested by up to 14 %,
with a range from -9 % for Vertex Implacryl to -14 % for Viscogel. In both the static and the
flow adhesion studies, there was also a trend for a greater number of S. epidermidis cells to
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adhere to materials coated in saliva from patients that had received head and neck
radiotherapy as part of their maxillary tumour treatment than to materials coated in saliva
from healthy volunteers, but this was not significant. Changes in saliva occur following
irradiation of salivary glands (Hannig et al., 2006; Grundmann et al., 2009), but there is
conflicting information in the literature about the effect on salivary protein concentration and
composition. Some have reported that protein concentrations remain unchanged (Edgar et al.,
1982; de Barros Pontes et al., 2004), and others have reported that protein concentration
changes (Brown et al., 1976; Makkonen et al., 1986; Valdez et al., 1993; Almstahl et al.,
2001; Hannig et al., 2006). If salivary protein concentration and/or composition is altered in
irradiated patients, this may contribute to the difference observed in this study in S.
epidermidis adhesion to materials coated in saliva from patients who had received
radiotherapy compared with materials coated in saliva from healthy volunteers. The trend for
increased adhesion of S. epidermidis by saliva from patients may also be a contributing factor
to the increased risk of mucositis during radiotherapy.
Salivary proteins and peptides can interact with oral microorganisms and examples of such
salivary protein–microbe interactions in vitro include aggregation, adherence, cell killing and
inhibition of metabolism of the bacteria (Love, 2002; Huq et al., 2007). In this study, the
salivary proteins albumin, mucin and α-amylase were investigated, to find if any or all of
these common salivary proteins may contribute to the reduction in S. epidermidis adherence
to obturator materials compared with uncoated materials. Albumin, a protein found in whole
saliva, was used as a positive control because it is commonly used as a blocking agent in
various assays such as adhesion studies, Western blots and in blot overlays. In this study,
albumin was found to reduce adhesion of S. epidermidis to obturator materials at
physiologically relevant concentrations. In comparison, it was found that adhesion to αamylase coated surfaces was similar to the KCl coated controls, and higher than adhesion to
the saliva coated surfaces. This may have occurred because the effect of α-amylase on
adherence is bacterial species specific (Kilian and Nyvad, 1990), and α-amylase may not
serve as an adhesion receptor for, or bind S. epidermidis in solution (Scannapieco et al., 1993;
Douglas, 1994; Brown et al., 1999). In contrast, mucin did reduce adhesion of S. epidermidis
to obturator materials at physiologically relevant concentrations. Mucins, when free in saliva,
can agglutinate microorganisms (Love, 2002; Van Nieuw Amerongen et al., 2004). To
investigate whether mucin agglutinated S. epidermidis, an aggregation study was carried out.
It was found that a mucin concentration as low as 0.01 mg/ml, which is within the normal
concentration range of mucin in saliva, was able to cause aggregation of S. epidermidis. In the
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flow adhesion studies, aggregation of S. epidermidis also occurred when obturator materials
were coated in saliva, but not with uncoated materials. For this to occur in the flow chamber
studies, it is possible that the S. epidermidis may have interacted with a salivary component,
such as mucin, resulting in the expression of a cell surface molecule that recognizes salivary
mucin, resulting in aggregation of the S. epidermidis (Love, 2002; Lamont and Jenkinson,
2010). From the results of this study, it appears that S. epidermidis is bound by mucin,
resulting in aggregation, and this may explain why adhesion of S. epidermidis was reduced
when materials were coated by saliva when compared to S. epidermidis adhesion to uncoated
obturator materials.

4.6 Summary
In this chapter, it was found that:
1. A static adhesion study using radiolabeled cells showed that S. epidermidis VCU116
attaches to all obturator materials. S. epidermidis attachment was least to the heatcured acrylics, followed by the heat polymerised silicone, then the self-cure acrylics
and silicone and most to the tissue conditioners. Comparable results were found by
static adhesion assays with 4 different S. epidermidis laboratory strains.
2. Saliva from healthy volunteers was found to reduce adhesion of S. epidermidis to all
obturator materials. Adhesion was approximately three quarters of that occurring
without saliva.
3. Saliva from patients who had received head and neck radiotherapy also reduced
adhesion of S. epidermidis to all obturator materials by approximately two thirds of
that found without saliva. The reduction was not as much as was found to occur when
using saliva from healthy volunteers, however the difference was not significant.
4. A flow adhesion study, using a parallel plate flow chamber, also found that S.
epidermidis attaches to obturator materials. S. epidermidis attachment was least to the
heat-cured acrylics, followed by the heat polymerised silicone, then the self-cure
acrylics and silicone and most to the tissue conditioners, which is in agreement with
the findings of the static adhesion studies.
5. In the flow adhesion studies, saliva from patients and healthy volunteers reduced
adhesion of S. epidermidis to all obturator materials. Saliva from healthy volunteers
reduced adhesion more than saliva from patients.
6. The flow adhesion study found that the rate of attachment per minute of S. epidermidis
cells in the rapid accumulation phase of attachment was two to three times greater than
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attachment in the accumulation phase. The rapid accumulation phase occurred in the
first 30 minutes (range 28 to 34 minutes) and the accumulation phase occurred on
average for the following 32 minutes (range 20 to 40 minutes).
7. There was a reduction in adhesion by BSA and mucin but not α-amylase. Mucin and
albumin caused aggregation of S. epidermidis, and it is possible that BSA and albumin
could be components in saliva that reduce S. epidermidis binding to obturator
materials.
8. The contact angle of obturator materials ranged from relatively hydrophilic with a
high surface energy (52º for Viscogel) to more hydrophobic material, with a relatively
lower surface energy (73º for a heat-cured acrylic). The static and flow adhesion
studies found that attachment of S. epidermidis was greater to materials with lower
contact angles that were more hydrophilic with a higher surface energy.
9. Surface roughness ranged from 21.8 µm for heat-cured acrylic and heat polymerised
silicone (Molloplast B) to 24.3 µm for a self-cured acrylic (Castapress). The static and
flow adhesion studies found that attachment of S. epidermidis was higher to materials
with a greater surface roughness.
In summary, it was found that S. epidermidis adheres to all obturator materials, with a
tendency for S. epidermidis to attach more readily to surfaces with a greater surface roughness
and surface energy. Saliva was found to reduce the adhesion of S. epidermidis to obturator
materials, with saliva from healthy volunteers reducing adhesion more than saliva from
patients who had received radiotherapy as part of their cancer treatment. The proteins mucin
and albumin were found to cause aggregation of S. epidermidis.
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5 Adhesion of Candida albicans to denture prosthetic materials
and the influence of saliva on adhesion

5.1 Introduction
Following resection of neoplasms of the palate and paranasal sinuses, an obturator prosthesis
can be used to prosthodontically restore the resultant maxillary defect (Beumer et al., 1982;
Keyf, 2001). There are a variety of dental materials that can be used to fabricate an obturator,
depending on whether the prosthesis is an interim or definitive obturator. The obturator
section of an interim prosthesis is commonly made from autocured resins, soft liners or tissue
conditioners because of the convenience of making alterations and additions chair-side in the
clinic. The disadvantages with these materials include a lack of longevity, and their surface
texture makes mechanical cleaning difficult and susceptible to microbial adhesion (Okita et
al., 1991; Nevzatoglu et al., 2007; Darvell, 2009). For these reasons a hard denture base
acrylic such as heat-cured polymethyl methacrylate (PMMA) is commonly used for the
definitive obturator because of its durability and ease of use (Anusavice, 2009; Darvell,
2009); it is also less susceptible to Candida adhesion compared with materials used for
interim obturators (Nevzatoglu et al., 2007; Pereira-Cenci et al., 2007; Busscher et al., 2010).
Some clinicians, however, prefer to use an elastomeric material, such as silicone, because it
can be used to engage undercuts within the resection defect, which may not be possible with
rigid materials such as PMMA. Heat polymerised silicones such as Molloplast-B are
commonly used, but disadvantages include a lack of durability, difficulty in adjusting and a
rough surface texture from being processed against dental stone. Previous studies have also
shown that adhesion of C. albicans is greater to silicone than to denture base acrylics (Okita
et al., 1991; Nevzatoglu et al., 2007).
All prosthetic devices, including dentures and maxillary obturators, can be colonised by
microorganisms that can form an adherent biofilm on the surface of the device (Bryers, 2008).
Surface porosity and texture, and biological and physicochemical affinity between the
material and microorganism are important factors that contribute to microbial adhesion
(Bollen et al., 1997; An and Friedman, 1998; Teughels et al., 2006; Whitehead and Verran,
2008; Hannig and Hannig, 2009). The colonised prosthesis may function as a reservoir of
infection. As a consequence, it has been considered that denture stomatitis, the most common
iatrogenic disorder associated with denture wearing, occurs because of mucosal coverage
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from a close fitting denture base and candidal infection (Budtz-Jorgensen, 1974; Arendorf and
Walker, 1987; Pereira-Cenci et al., 2008). Fungal growth can be detected on various denture
base materials including acrylic, silicone (such as Molloplast-B), as well as other soft lining
materials (Makila and Hopsu-Havu, 1977; Nevzatoglu et al., 2007; Pereira-Cenci et al., 2008).
All surfaces that are in contact with saliva become coated with salivary components, creating
a conditioning film, or pellicle, that provides receptors for microbial adhesion (Cannon et al.,
1995); surface roughness and surface free energy are also contributing factors in the pellicle
and biofilm formation (An and Friedman, 1998; Cannon and Chaffin, 1999; Nel et al., 2009;
Busscher et al., 2010). The role of human saliva in the microbial adhesion process is,
however, still controversial (Pereira-Cenci et al., 2008). The innate defense molecules in
saliva, including lysozyme, histatin, lactoferrin and calprotectin, interact with Candida
species, decreasing adherence to and colonization of oral surfaces. Saliva flow also has a
physical cleaning effect, while salivary components such as mucins, statherin, IgA and
proline-rich proteins have been reported to adsorb to C. albicans, thereby facilitating
adherence to saliva-coated acrylic resins (O'Sullivan et al., 1997; Pereira-Cenci et al., 2008).
It has also been suggested that parotid salivary protein (PSP) may have adherence receptors
for C. albicans that promotes adhesion of yeasts to silicone voice prostheses (Holmes et al.,
2006). Studies on the influence of whole saliva on Candida adherence are however
contradictory (Pereira-Cenci et al., 2008), with various studies reporting that saliva decreases
(Maza et al., 2002; Moura et al., 2006; Pereira-Cenci et al., 2007), increases (Vasilas et al.,
1992; Edgerton et al., 1993; Nikawa et al., 1993; Cannon et al., 1995; Cannon and Chaffin,
1999; Millsap et al., 1999) or has no effect (Jin et al., 2004) on adherence of C. albicans to
acrylic resin. For patients who require radiotherapy as part of their tumour management,
salivary output can be reduced by more than 90% when all the major salivary glands are
within the radiation clinical field (Grundmann et al., 2009). When this occurs, the reported
effect on salivary protein concentration is varied. Some have found that protein concentration
increases during radiotherapy and returns to pre-treatment values following completion of
radiotherapy (Makkonen et al., 1986; Funegard et al., 1994) and others have found there is no
significant change (Anderson et al., 1981; Edgar et al., 1982). A lower volume of saliva is
also produced which is more viscous, resulting in a change in oral flora (Brown et al., 1975;
Dirix et al., 2006), that further increases the risk of opportunistic infections (Vissink et al.,
2003b; Sonis, 2007). In an immunocompromised individual, this may contribute to a greater
risk of prosthesis-related infection and occasionally, the need for hospital admission to control
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local and systemic infections (Wargo and Hogan, 2006; Pereira-Cenci et al., 2008; Varricchio
et al., 2010).
The aim of this part of the study was to (a) investigate the adhesion of C. albicans to various
obturator prosthetic materials and (b) the influence that saliva has on Candida adhesion.

5.2 Isolation of C. albicans from obturator prostheses
Microbial swabs of obturators and the adjacent tissue surfaces were obtained from 15 patients
at various stages of their prosthodontic treatment between 2002 and 2010 as described in the
Materials and Methods (section 2.4) and Candida colonies were putatively identified using
the chromogenic agar, CHROMagar Candida (Fort Richard Laboratories) as described in
section 2.5.2. All the obturator prostheses were found to be colonized by Candida as
described in section 3.3.2.1. C. albicans was found to colonize the obturators of 14 of the 15
patients at various prosthodontics treatment stages. In some patients, there was cocolonization with other yeast species and these were putatively identified by colony colour as
C. tropicalis, C. glabrata, and C. krusei, as described in section 3.3.2.1.
One of the C. albicans strains isolated from an obturator was used in subsequent adherence
assays as a clinical isolate. This strain was designated C. albicans KLBD02.

5.3 Adhesion of C. albicans to obturator prosthetic materials
A reproducible adherence assay using radiolabelled C. albicans cells was developed to
determine the effect of the substratum (obturator prosthetic material) and saliva on the
adherence of C. albicans cells as described in the Materials and Methods (sections 2.1.12.1
and 2.6).
First the optimum number of radiolabelled cells to be used in the adherence assay was
determined. Increasing numbers of

35

S-methionine-radiolabeled obturator-derived clinical

isolate C. albicans KLBD02 were added to assays and the number of cells adhering to denture
acrylic measured. Radiolabeled cells at different concentrations in KCl (1.0 ml), were
incubated end-over-end with coupons of denture acrylic (that had been pre-treated with whole
saliva (50%) in KCl buffer for 2 hr) in microfuge tubes at room temperature for 2 hr. The
denture acrylic coupons were washed and placed in fresh tubes containing scintillant before
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determination of coupon-associated radioactivity by scintillation counting. The numbers of
cells bound were calculated by measuring the radioactivity associated with a known number
of cells (Figure 64). Results shown are the mean values ± SD of quadruplicate determinations
from a representative experiment repeated three times. Based on these results, an input cell
concentration of 1.0 x 106 cells was used in subsequent assays, as adhesion had reached a
plateau.

Adhesion of 35S-methione-radiolabelled C. albicans
cells to poly(methyl methacrylate)
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Figure 64. Mean number of 35S-methione-radiolabelled C. albicans KLBD02 cells bound to
denture acrylic with increased numbers of cells added to the assay (± SD of quadruplicate
determinations repeated three times)

5.3.1 The effect of obturator material on the adhesion of C. albicans KLBD02
The effect of the obturator material on the adherence of C. albicans KLBD02 was
investigated. In experiments repeated three times, nine materials were investigated as
described in section 2.1.12. Two materials were heat polymerized polymethyl methacrylate
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(heat-cured acrylic) (Vertex Regular and Vertex Implacryl), three were chair-side cold-cure
polymethyl methacrylate (self-cured acrylic) (Rimseal, Kooliner and Castapress), two were
tissue conditioners (Viscogel and Softliner), one was a laboratory heat-processed silicone
(Molloplast-B) and one was a silicone-based chair-side lining material (Silagum).

The

percentage of input cells binding to the materials ranged from 4.19% ± 1.12% for Vertex
Regular to 9.88% ± 2.08% for Viscogel (Figure 65).
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Figure 65. Mean values for adhesion of C. albicans KLBD02 clinical isolate to obturator
materials without saliva (± SD)

Using a one-way ANOVA, Candida adhesion to Vertex Regular and to Vertex Implacryl was
found to be significantly less than to the other materials (P < 0.05). Adhesion was greatest to
the two tissue conditioners but other than adhesion to the heat-cured acrylics, there were no
significant differences. There was a trend that adhesion to the self-cure acrylics was greater
than to the heat-cured silicone, Molloplast-B, but less than adhesion to the tissue conditioners.
Adhesion to Molloplast-B was less than that to any of the other materials, except the heatcured acrylics.
Adhesion of the C. albicans KLBD02 was compared to that of known laboratory strains of C.
albicans. These strains were hp11an, a commensal isolate shown to have high binding to
saliva-coated hydroxyapatite; hp36bt, a commensal isolate shown to have low binding to
!

171!

saliva-coated hydroxyapatite; and RIHO10, an oral candidiasis isolate (Schmid et al., 1995).
The percentage of hp11an input cells binding to the materials ranged from 6.48% ± 1.01% for
Vertex Regular to 12.86% ± 2.20% for Soft-liner, for hp36bt, the percentage of binding input
cells ranged from 1.41% ± 0.88% for Vertex Regular to 4.96% ± 0.96% for Soft-liner, and for
RIHO10, the percentage of binding input cells ranged from 4.60% ± 1.14% for Vertex
Regular to 10.76% ± 1.15% for Viscogel (Figure 66). The same trend in adhesion of these
three strains of C. albicans was observed as with C. albicans KLBD02 from the obturator. It
was also found that the strains that showed high or low binding to saliva-coated
hydroxyapatite also showed high or low binding to obturator materials, and the obturator
clinical isolate C. albicans KLBD02 had similar binding properties to the candidiasis isolate
RIHO10.
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Figure 66. Mean values for adhesion of different C. albicans strains to obturator materials (±
SD)

5.3.2 The effect of saliva on the adhesion of C. albicans
The effect of saliva on the adherence of C. albicans cells obtained to obturator materials was
investigated.
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5.3.2.1 The effect of pooled saliva from controls on the adhesion of C. albicans KLBD02
In experiments repeated three times, the effect of saliva on C. albicans KLBD02 adherence to
the nine materials used in section 5.3.1 was investigated. Whole saliva from six healthy
volunteer controls was pooled and diluted 50% with KCl as described in section 2.8. The
obturator materials were pre-incubated in 1 ml of this saliva at 20°C for 2 hr prior to
incubation with radiolabelled C. albicans cells. Pre-incubating the materials in pooled whole
saliva promoted binding of the C. albicans KLBD02 cells to all materials compared with
untreated materials (Figure 67). The percentage of input cells binding to the materials ranged
from 9.01% ± 1.73% for Vertex Regular (compared with 4.19% ± 1.12% with no saliva) to
14.95% ± 1.47% for Soft-liner (compared with 9.88% ± 2.08% with no saliva).
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Figure 67. Mean values for adhesion of C. albicans KLBD02 to obturator materials with or
without pooled saliva from healthy volunteers (± SD)

The increase in adherence of C. albicans cells caused by pre-treating materials with saliva
was significant for all materials tested (P < 0.05). The percentage increase in adhesion of the
C. albicans cells when the materials were coated in saliva ranged from 74.29% ± 5.62% for
Viscogel to 108.69% ± 6.23% for Vertex Implacryl (Figure 68).
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Figure 68. Increase in adhesion of C. albicans KLBD02 when materials were coated in saliva
from healthy volunteers

5.3.2.2 The effect of pooled saliva from controls on the adhesion of laboratory strains
of C. albicans
The effect of saliva on the adhesion of the laboratory strains of C. albicans used in section
4.3.1 to obturator materials was then investigated. The percentage of hp11an input cells
binding to the materials ranged from 14.61% ± 1.77% for Vertex Implacryl (compared with
6.59% ± 1.03% with no saliva) to 21.25% ± 2.69% for Soft-liner (compared with 12.86% ±
2.20% with no saliva); for hp36bt, the percentage of binding input cells ranged from 3.01% ±
1.03% for Vertex Implacryl (compared with 1.52% ± 0.72% with no saliva) to 7.09% ±
1.23% for Soft-liner (compared with 4.96% ± 0.96% with no saliva). For RIHO10, the
percentage of binding input cells ranged from 10.03% ± 1.61% for Vertex Implacryl
(compared with 4.78% ± 1.67% with no saliva) to 15.91% ± 1.64% for Soft-liner (compared
with 10.14% ± 1.82% with no saliva) (Figure 69).
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Figure 69. Mean values for adhesion of four strains of C. albicans, a clinical strain from an
obturator, a high and a low-binding strain, and a candidiasis isolate to obturator materials, with
and without pooled saliva from healthy volunteers (± SD)

The same trend in adhesion was observed for these three strains of C. albicans as for C.
albicans KLBD02 from the obturator. The percentage increase in binding of hp11an input
cells to the materials coated in saliva compared with uncoated materials ranged from 81.16%
± 4.99% for Kooliner to 116.05% ± 5.34% for Vertex Regular; for hp36bt, the percentage
increase in binding of input cells ranged from 70.99% ± 5.10% for Silagum to 117.19% ±
9.34% for Vertex Regular. For RIHO10, the percentage increase in binding of input cells
ranged from 73.05% ± 5.62% for Viscogel to 112.50% ± 7.34% for Vertex Regular (Figure
70). The effect of saliva on the increase in adherence of these three different strains of C.
albicans cells was significant for all materials tested (P < 0.05).
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Figure 70. Percentage increase in adhesion of 4 strains of C. albicans, a clinical strain from an
obturator, a high and a low binding strain and a candidiasis isolate when obturator materials
were coated in saliva from healthy volunteers

5.3.2.3 The effect of pooled saliva from patients on adhesion of C. albicans KLBD02
The effect of saliva from a group of six patients who had had maxillary resection surgery and
radiotherapy was studied to determine whether their saliva promoted different adherence of C.
albicans to obturator materials than control saliva from healthy volunteers. All patients had an
obturator prosthesis, and the saliva samples that were taken at various stages of prosthodontic
treatment were mixed in equal volumes. Incubating the materials in saliva promoted binding
of the C. albicans KLBD02 cells to all materials compared with not incubating the materials
in saliva (Figure 71). The percentage of input cells binding to the materials ranged from
10.51% ± 1.56% for Vertex Regular (compared with 4.19% ± 1.12% with no saliva and
9.01% ± 1.73% with saliva from volunteers) to 16.05% ± 1.97% for Soft-liner (compared
with 9.80% ± 1.35% with no saliva and 14.95% ± 1.47% with saliva from volunteers). The
effect of saliva on the increase in adherence of the C. albicans KLBD02 cells, compared with
uncoated materials was significant for all materials tested (P < 0.05). The percentage increase
in adhesion of the C. albicans cells when the materials were coated in saliva ranged from
80.52% ± 5.92% for Viscogel to 135.12% ± 5.34% for Vertex Regular (Figure 72). There was
a trend for the adherence of the C. albicans cells to materials coated in saliva from patients to
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be higher than the adherence to materials coated in control saliva from volunteers, but this
was not significant (P ≤ 0.05).
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Figure 71. Mean values for adhesion of C. albicans KLBD02 to obturator materials without
saliva, with saliva from healthy volunteers, or with saliva from patients with an obturator who
had received radiotherapy (± SD)
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Figure 72. Increase in adhesion of C. albicans when materials were coated in saliva from patients
compared with no saliva coating

5.3.2.4 The effect of pooled saliva from patients on adhesion of three laboratory strains
of C. albicans
The effect of saliva pooled from the same group of six patients that had had maxillary
resection surgery and radiotherapy was studied to determine whether their saliva would also
increase adherence of three laboratory strains of C. albicans, a high binding (hp11an), and a
low binding (hp36bt) strain, and a candidiasis isolate (RIHO10) to the obturator materials.
Coating the materials in saliva from patients promoted binding of the three strains of C.
albicans yeast cells to all materials compared with not incubating the materials in saliva
(Table 25 and Figure 73). The percentage of hp11an input cells binding to the materials
ranged from 15.79% ± 1.11% for Vertex Implacryl (compared with 6.59% ± 0.93% with no
saliva and 14.81% ± 1.77% with saliva from volunteers) to 21.95% ± 1.97% for Soft-liner
(compared with 12.86% ± 2.20% with no saliva and 21.25% ± 2.69% with saliva from
volunteers). For hp36bt, the percentage of binding input cells ranged from 4.01% ± 1.53% for
Vertex Regular (compared with 1.41% ± 0.59% with no saliva and 3.00% ± 0.95% with
saliva from volunteers) to 8.05% ± 1.17% for Soft-liner (compared with 4.96% ± 0.96% with
no saliva and 7.09% ± 1.23% with saliva from volunteers). For RIHO10, the percentage of
binding input cells ranged from 11.26% ± 1.61% for Vertex Implacryl (compared with 4.78%
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± 1.67% with no saliva and 10.03% ± 1.61% with saliva from volunteers) to 17.05% ± 1.97%
for Soft-liner (compared with 10.14% ± 1.82% with no saliva and 15.91% ± 1.85% with
saliva from volunteers).
Table 25. Adhesion of 3 strains of C. albicans, a high (hp11an) and a low-binding strain (hb36bt)
or a candidiasis isolate (RIHO10) with uncoated material and material coated in saliva from
patients
!

hb36bt(

*!

**(

***(
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**!

RIHO10(
***!
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**!
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6.48!

15.04!
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Figure 73. Mean values for the adhesion of 3 strains of C. albicans, a high-binding strain
(hp11an), a low-binding strain (hb36bt) or a candidiasis isolate (RIHO10) with uncoated
material and material coated in saliva from patients (± SD)

Saliva from patients significantly increased adherence of the three C. albicans strains,
compared with uncoated materials for all materials tested (P < 0.05). Compared with uncoated
materials, the percentage increase in hp11an input cells binding to the materials ranged from
85.34% ± 4.44% for Soft-liner to 129.71% ± 5.34% for Vertex Implacryl. For hp36bt, the
percentage increase in binding input cells ranged from 81.15% ± 5.04% for Soft-liner to
135.87% ± 8.31% for Vertex Regular. For RIHO10, the percentage increase in binding input
cells ranged from 78.90% ± 5.62% for Viscogel to 130.54% ± 8.37% for Vertex Regular
(Figure 74). The percent increase in adhesion was greater for all strains of C. albicans to the
two heat-cured acrylics (Vertex Regular and Vertex Implacryl) than to other obturator
materials.
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Figure 74. Percentage increase in adhesion of 4 strains of C. albicans, a clinical strain from an
obturator, a high and a low binding strain and a candidiasis isolate when obturator materials
were coated in pooled saliva from patients

5.3.3 Binding of C. albicans KLBD02 in a flow adhesion chamber
The adhesion of C. albicans KLBD02 to selected materials under flow conditions was
investigated as described in sections 2.13.3 and 4.4.4. With this system it was possible to
directly monitor, in real-time, the initial adhesion of C. albicans to obturator materials in a
field of view of 20 mm2.
The effect of the obturator material on the adherence of C. albicans KLBD02 cells was
investigated. In experiments repeated three times, the number of C. albicans cells adhering to
the obturator material slide on the bottom of the flow chamber was recorded each min for 2 hr
using a digital camera. Representative results are presented for the three materials that were
investigated; one heat-cured acrylic (Vertex Regular), one chair-side self-cured acrylic
(Rimseal), and one self-cured silicone (Silagum). Adhesion of Candida to the heat-cured
acrylic was less than to the other materials and was greatest to the self-cured silicone (Figure
75). The variation in data for repeated experiments from separately grown batches of C.
albicans cells had a standard deviation of around 20%.

!

181!

Candida albicans adhesion to materials no saliva
1000

number C. albicans cells attached/cm2

800

600

400

Silicone
Rimseal
Vertex Regular

200

0

0

10

20

30

40

50

60

70

80

90

100

110

120

time (min)

Figure 75. Adhesion of C. albicans KLBD02 cells to heat-cured acrylic, self-cured acrylic and
self-cured silicone

The effect of saliva on the adherence of C. albicans KLBD02 cells was investigated. In
representative experiments, repeated three times, the effect of saliva on the adherence to the
three materials used in section 5.3.3 was investigated. Whole saliva from six healthy
volunteers was pooled and diluted 1:1 with KCl as described in section 2.8. Incubating the
materials in pooled whole saliva increased binding of the C. albicans cells to all materials
compared with not incubating the materials in saliva (Figures 76 to 78). The effect of saliva
from a group of 6 patients that had had maxillary resection surgery and radiotherapy was then
investigated to determine whether their saliva increased adherence of C. albicans to obturator
materials. Incubating the materials in saliva from patients promoted binding of the C. albicans
cells to all materials compared with not incubating the materials in saliva (Figures 76 to 78).
Adherence of C. albicans cells to materials coated in saliva from patients was higher than
adherence to materials coated in saliva from healthy volunteers. The variation in data for
repeated experiments from separately grown batches of C. albicans cells had a standard
deviation of around 20%.
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Figure 76. Adhesion of C. albicans KLBD02 cells to a heat-cured acrylic (Vertex Regular) with
no saliva or saliva from healthy volunteers or patients
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Figure 77. Adhesion of C. albicans KLBD02 cells to a self-cured acrylic (Rimseal) with no saliva
or saliva from healthy volunteers or patients
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Figure 78. Adhesion of C. albicans KLBD02 cells to a self-cured silicone (Silagum) with no saliva
or saliva from healthy volunteers or patients

Three phases of attachment were observed, which is the same as was observed with the flow
chamber adhesion studies with S. epidermidis VCU116 (section 4.4.4). Phase 1 was the initial
phase of adhesion that had the most rapid rate of attachment of the C. albicans cells: phase 2
was an accumulation phase where cell attachment continued but at a slower rate than phase 1,
and phase 3 appeared to represent a slow accumulation phase where attachment occured but at
a relatively low rate compared with phases 1 and 2 (Table 26).
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Table 26. Rate of attachment of C. albicans KLBD02 cells to different materials in the three
phases of attachment without saliva or pre-incubated with saliva from healthy volunteers or
patients
Phase(1(
(rapid(accumulation)((

Material(

Heat:cured(acrylic(
Vertex&Regular&

no.!cells!
attaching!
per!min!

duration!
(min)!

10!
17!
20!

32!
30!
30!

13!
24!
28!

28!
30!
32!

!
no&saliva&
control&saliva&
patient&saliva&

Self:cured(acrylic(
no&saliva&
Rimseal&&
control&saliva&
patient&saliva&
Self:cured(silicone(
no&saliva!
Silagum!
control&saliva!
patient&saliva!

no.!cells!
attaching!
per!min(

duration!!
(min)(

6!
11!
12!

56!
54!
60!

7!
15!
17!

66!
58!
62!

!

!

32!
30!
28!

duration!
(min)(

3!
2!
3!

32!
36!
30!

3!
3!
4!

26!
32!
26!

3!
3!
2!

30!
26!
32!

!

!
12!
20!
22!

no.!cells!
attaching!
per!min(

!

!

!

Phase(3(
(slow(accumulation)((

Phase(2(
(accumulation)((

!
6!
10!
10!

58!
64!
60!

5.3.3.1 Selective adsorption of salivary proteins to heat-cured acrylic and self-cured
acrylic
Having found that saliva caused an increase in C. albicans adhesion to obturator materials, a
study was carried out to investigate whether saliva proteins that bind to the obturator materials
contributed to the increase in C. albicans adhesion.
The polypeptides present in the saliva samples from patients and volunteers were analysed by
SDS-PAGE and Coomassie blue and silver staining as described in section 2.11. The profile
of the stained polypeptides did not vary extensively between the volunteers and patients.
Examples of saliva samples from patients and healthy volunteers are shown in Figures 79 and
80 (lanes VVS, VPS) and Figures 81 and 82 (lanes RVS and RPS).
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Polypep'des*present*in*saliva*(Coomassie*stain)*
kDa*
250*
130*
100*
70*
55*
35*
27*

15*
VVS*

VVD*

VVB*

VPS*

VPD*

VPB*

VVS = saliva from volunteers; VVD = heat-cured acrylic-depleted saliva from volunteers; VVB = heat-cured acrylic-bound
saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients

Figure 79. Polypeptides present in saliva before and after adsorption to Vertex Regular heatcured acrylic sample detected by Coomassie blue stain

Polypep'des*present*in*saliva*(silver*stain)*
kDa*
250*
130*
100*
70*
55*
35*
27*

15*
VVS*

VVD*

VVB*

VPS*

VPD*

VPB*

VVS = saliva from volunteers; VVD = heat-cured acrylic-depleted saliva from volunteers; VVB = heat-cured acrylic-bound
saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients

Figure 80. Polypeptides present in saliva before and after adsorption to Vertex Regular heatcured acrylic sample detected by silver stain
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Polypep'des*present*in*saliva*(Coomassie*stain)*
kDa*
250*
130*
100*
70*
55*
35*
27*

15*
RVS*

RVD*

RVB*

RPB*

RPD*

RPS*

RVS = saliva from volunteers; RVD = self-cured acrylic-depleted saliva from volunteers; RVB = self-cured acrylic-bound saliva
from volunteers, RPS = saliva from patients; RPD = self-cured acrylic-depleted saliva from patients; RPB = self-cured acrylicbound saliva from patients

Figure 81. Polypeptides present in saliva before and after adsorption to Rimseal self-cured
acrylic sample detected by Coomassie blue stain

Polypep'des*present*in*saliva*(silver*stain)*
kDa*
250*
130*
100*
70*
55*
35*
27*

15*
RVS*

RVD*

RVB*

RPS*

RPD*

RPB*

RVS = saliva from volunteers; RVD = self-cured acrylic-depleted saliva from volunteers; RVB = self-cured acrylic-bound saliva
from volunteers, RPS = saliva from patients; RPD = self-cured acrylic-depleted saliva from patients; RPB = self-cured acrylicbound saliva from patients

Figure 82. Polypeptides present in saliva before and after adsorption to Rimseal self-cured
acrylic sample detected by silver stain
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The selective adsorption of saliva polypeptides to heat-cured (Vertex Regular) and self-cured
(Rimseal) acrylic was assessed. Saliva samples were incubated with heat-cured acrylic
coupons or with self-cured acrylic coupons as described in section 2.10.1, and the acrylicdepleted saliva was retained. Following extensive washing, the bound saliva polypeptides
were eluted from the heat-cured acrylic coupons and the self-cured acrylic coupons by
treatment with SDS-PAGE sample buffer. The profile of depleted saliva (Figures 79 and 80
(lanes VVD, VPD) and Figure 81 and 82 (lanes RVD and RPD)) and the polypeptides released
from the washed heat-cured acrylic and self-cured acrylic (Figures 79 and 80 (lanes VVB, VPB)
and Figure 81 and 82 (lanes RVB and RPB)) were similar to the original saliva samples (Figure
80 (lanes VVS, VPS) and Figure 82 (lanes RVS and RPS)). Coomassie blue staining of all the
samples detected one major polypeptide band with a relative mobility of approximately 60
kDa. With silver staining, two major polypeptide bands with relative mobilities of
approximately 35 and 60 kDa were detected in all samples, suggesting that these proteins
were bound and eluted from acrylic but not depleted from saliva. Only one polypeptide was
visualised by Coomassie blue staining because of the lack of sensitivity of this technique
compared with silver staining. No proteins were detected in elutes from control uncoated
coupons.

5.3.4 Adherence of selected salivary proteins to obturator materials
Having found that salivary proteins can bind to obturator materials, a study was carried out to
investigate whether selected salivary proteins, (IgA and PSP) thought to have adhesion
receptor/ligands for C. albicans, could bind to obturator materials.
Detection of the two salivary proteins, IgA and PSP, in samples following selective
adsorption of saliva polypeptides to heat-cured (Vertex Regular) and self-cured (Rimseal)
acrylic was assessed by Western blotting and immunodetection. Saliva samples were
incubated with heat-cured acrylic coupons or with self-cured acrylic coupons as described in
section 2.10.1, and the acrylic-associated depleted saliva was retained. Following extensive
washing, the bound saliva polypeptides were eluted from the heat-cured acrylic samples and
the self-cured acrylic samples by treatment with SDS-PAGE sample buffer. Following protein
separation by polyacrylamide gel electrophoresis, proteins were electrotransfered to a
nitrocellulose membrane and a Western blot carried out with an antibody to PSP (anti-PSP
diluted 1:10,000) or IgA (anti-human IgA diluted 1:1,000) and a secondary antibody
(horseradish peroxidase-conjugated anti-rabbit antibodies diluted 1:1000) prior to enzyme
activity detection on Hyperfilm ECL as described in section 2.12. Figures 83 and 84 show the
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detection of PSP in the saliva samples (Figure 83 (lanes VVS, VPS) and Figure 84 (lanes RVS
and RPS)), the acrylic-depleted saliva (Figures 83 (lanes VVD, VPD) and Figure 84 (lanes RVD
and RPD)) and polypeptide released from the washed heat-cured acrylic and self-cured acrylic
of volunteers and patients (Figures 83 (lanes VVB, VPB) and Figure 84 (lanes RVB and RPB)).
PSP was detected in saliva from volunteers and patients, and could also be eluted from heatcured acrylic and from self-cured acrylic, suggesting that PSP could bind to acrylic. Indeed
there was almost complete depletion of PSP from saliva by heat and self-cured acrylic.
Overall, there was no apparent difference between saliva from volunteers and patients.
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VPD'
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VVS = saliva from volunteers; VVD = heat-cured acrylic-depleted saliva from volunteers; VVB = heat-cured acrylic-bound
saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients

Figure 83. Detection of PSP in saliva samples from volunteers and patients before and after
adsorption to heat-cured acrylic
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VVS = saliva from volunteers; VVD = heat-cured acrylic-depleted saliva from volunteers; VVB = heat-cured acrylic-bound
saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients

Figure 84. Detection of PSP in saliva samples from volunteers and patients before and after
adsorption to self-cured acrylic

Figures 85 and 86 show the detection of IgA in the saliva (Figure 85 (lanes VVS, VPS) and
Figure 86 (lanes RVS and RPS)), the acrylic-depleted saliva (Figures 85 (lanes VVD, VPD) and
Figure 86 (lanes RVD and RPD)) and polypeptide released from the washed heat-cured acrylic
and self-cured acrylic of volunteers and patients (Figures 85 (lanes VVB, VPB) and Figure 86
(lanes RVB and RPB)). IgA was detected in saliva from volunteers and patients. In contrast
with PSP however, there was little depletion of IgA from saliva by heat-cured acrylic or selfcured acrylic, and only a small amount of IgA was eluted from heat and self-cured acrylic
suggesting that IgA doesn’t bind as strongly to acrylic as PSP. Overall, there was no apparent
difference between saliva from volunteers and patients.
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VVS = saliva from volunteers; VVD = heat-cured acrylic-depleted saliva from volunteers; VVB = heat-cured acrylic-bound
saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients

Figure 85. Detection of IgA in saliva samples from volunteers and patients before and after
adsorption to heat-cured acrylic
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RVS = saliva from volunteers; RVD = self-cured acrylic-depleted saliva from volunteers; RVB = self-cured acrylic-bound saliva
from volunteers, RPS = saliva from patients; RPD = self-cured acrylic-depleted saliva from patients; RPB = self-cured acrylicbound saliva from patients

Figure 86. Detection of IgA in saliva samples from volunteers and patients before and after
adsorption to self-cured acrylic
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5.3.5 C. albicans KLBD02 adherence to salivary proteins released from heatcured and self-cured acrylic
Having found that salivary proteins, including IgA and PSP, can bind to obturator materials, a
blot overlay assay was used to determine whether C. albicans bound to acrylic-associated
saliva proteins. SDS-PAGE separated polypeptides from the volunteer and patient saliva
samples, the corresponding heat-cured and self-cured acrylic-associated samples and the
saliva depleted by acrylic treatment were electroblotted onto nitrocellulose, and overlaid with
radiolabeled C. albicans KLBD02 cells. Bound cells were detected by autoradiography as
described in section 2.13.2. The autoradiogram for the heat-cured acrylic treated samples
from volunteer and patient saliva is shown in Figure 87, and Figure 88 shows the
autoradiogram for the self-cured acrylic treated samples from volunteer and patient saliva.
The C. albicans cells adhered to specific polypeptides in the saliva as shown in Figure 87
(lanes VVS, VPS) and Figure 88 (lanes RVS and RPS), and in particular to the bPRPs (between
12 and 27 kDa, labelled arrowheads A, B, C and D) (O'Sullivan et al., 1997). Binding to the
bPRPs was still detected in the acrylic-depleted samples (Figure 87 (lanes VVD, VPD) and
Figure 88 (lanes RVD and RPD)), suggesting that these proteins were not strongly adsorbed by
the heat-cured acrylic or the self-cured acrylic. In the acrylic-associated samples (Figure 87
(lanes VVB, VPB) and Figure 88 (lanes RVB and RPB)), reduced binding to the bPRPs
(arrowheads C and B in lane VPB) was detected. However, in these samples, C. albicans
bound strongly to a polypeptide band of 60 kDa (labelled arrowhead E) that was detected at a
similar intensity as in the original saliva samples (Figure 87 (lanes VVS, VPS) and Figure 88
(lanes RVS and RPS), and was not detected in the heat-cured acrylic-depleted saliva sample
(Figure 87 (lanes VVD, VPD)) or was detected at a low intensity in the self-cured acrylicdepleted saliva sample (Figure 88 (lanes RVD and RPD)).
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saliva from volunteers, VPS = saliva from patients; VPD = heat-cured acrylic-depleted saliva from patients; VPB = heat-cured
acrylic-bound saliva from patients
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Figure 87. Blot overlay of radiolabelled C. albicans KLBD02 cells binding to saliva proteins from
volunteers and patients before and after adsorption to heat-cured acrylic
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Figure 88. Blot overlay of radiolabelled C. albicans KLBD02 cells binding to saliva proteins from
volunteers and patients before and after adsorption to self-cured acrylic
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5.3.6 Identification of salivary proteins selectively adsorbed by acrylic
Identification of the 60 kDa (approximately) salivary proteins selectively adsorbed to acrylic
and detected by silver staining, and by autoradiography in the blot overlay assays, was carried
out by mass spectrometry analysis. Salivary proteins were electrophoretically separated in
SDS-PAGE polyacrylamide gels as described in sections 2.10.1 and 2.10.2 then the protein
bands were stained with Coomassie blue as described in section 2.11.1. The stained proteins
in the region of 60 kDa were excised from the SDS-PAGE gel and digested overnight with
trypsin then loaded onto the mass spectrometry instrument as described in section 2.14. The
mass spectrometry data were then submitted to the database search engine Mascot for
database matching. Database matching was carried out by measuring the mass of the trypsin
fragments of the unknown saliva proteins, and the fragment patterns were then compared with
the predicted fragment patterns of all human proteins present in the database using Mascot
software. Data from the patient heat-cured acrylic samples are shown in Tables 27 to 29.
Table 27 shows the polypeptides found in the saliva samples, Table 28 shows the
polypeptides in the acrylic-depleted saliva and Table 29 shows the saliva polypeptides eluted
from the acrylic samples by treatment with SDS-PAGE sample buffer. Some of the proteins
were found in all three samples suggesting that these are likely to be highly abundant proteins.
Of note, the protein SPLUNC2 (also known as PSP) was only found in the bound saliva
polypeptides eluted from the patient heat-cured acrylic sample. The presence of this protein
with a molecular weight of 26.99 kDa in a 60 kDa (approximately) band may have been
because it was bound as a complex or migrated as a dimer in SDS-PAGE.

Table 27. Salivary proteins identified by mass spectrometry
Accession(
Number(

!

Gene(Name(

Protein(Name(

Predicted(MW(
(kDa)(

P04745!

AMY1!

AlphaEamylase!1!

57.73!

P01876!

IGHA1!

Ig!alphaE1!chain!C!region!

37.63!

Q8N4F0!

BPIL1!

Bactericidal/permeabilityE
increasing!proteinElike!1!
precursor!

49.14!

P05164!

PERM!

Myeloperoxidase!precursor!

83.82!

Q8TDL5!

LPLUNC1!

Long!palate,!lung!and!nasal!
epithelium!carcinomaEassociated!
protein!1!precursor!

52.41!
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Table 28. Acrylic-depleted salivary proteins identified by mass spectrometry
Accession(
Number!

Gene(Name!

Protein(Name!

Predicted(MW(
(kDa)(

P04745!

AMY1!

AlphaEamylase!1!!

57.73!

P01876!

IGHA1!

Ig!alphaE1!chain!C!region!

37.63!

Q8N4F0!

BPIL1!

Bactericidal/permeabilityE
increasing!proteinElike!1!
precursor!

49.14!

P05164!

PERM!

Myeloperoxidase!precursor!

83.82!

Q8TDL5!

LPLUNC1!

Long!palate,!lung!and!nasal!
epithelium!carcinomaEassociated!
protein!1!precursor!

52.41!

Table 29. Salivary proteins eluted from acrylic samples and identified by mass spectrometry
Accession(
Number(

Gene(Name(

Protein(Name(

Predicted(MW(
(kDa)(

P04745!

AMY1!

AlphaEamylase!1!

57.73!

P01876!

IGHA1!

Ig!alphaE1!chain!C!region!

37.63!

P05164!

PERM!

Myeloperozidase!precursor!

83.82!

P02788!

TRFL!!

Lactotransferrin!

78.13!

Q8TDL5!

LPLUNC1!

Long!palate,!lung!and!nasal!
epithelium!carcinomaEassociated!
protein!1!

52.41!

Q8N4F0!

BPIL1!

Bactericidal/permeabilityE
increasing!proteinElike!

49.14!

P23280!

CAH6!

Carbonic!anhydrase!6!

35.37!

P01857!

IGHG1!

Ig!gammaE1!chain!C!region!

36.08!

Q96DR5!

SPLUNC2!

Short!palate,!lung!and!nasal!
epithelium!carcinomaEassociated!
protein!2!

26.99!

5.4 Discussion
In this chapter, the adhesion of C. albicans to obturator materials and the influence of saliva
on this adhesion were investigated. Using static (radiolabelling) and flow (parallel plate flow
chamber) adhesion studies, it was found that C. albicans adheres to all obturator materials.
Attachment of all strains of C. albicans tested was least to heat-cured acrylic, followed by
heat-cured silicone, then self-cured silicone and the self-cured acrylics. Adhesion was most to
the tissue conditioners. It was also found that the clinical isolate from the obturator sample, C.
albicans KLBD02, showed adherence properties similar to the candidiasis isolate RIHO10
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validating its use in the study. Yeast cells have been shown to adhere to and colonize oral
surfaces including mucosa and acrylic dentures (Cannon and Chaffin, 1999; Ramage et al.,
2004) and successful adhesion of C. albicans to solid surfaces such as acrylics, silicones and
denture lining materials is thought to be the first step in pathogenesis (Rotrosen et al., 1986;
Williams et al., 2011). Such adhesion is considered to contribute to denture stomatitis, one of
the most common superficial Candida infections in the head and neck region (BudtzJorgensen, 1974; Cannon and Chaffin, 1999; Douglas, 2003; Ramage et al., 2004; PereiraCenci et al., 2008; Busscher et al., 2010).
The flow adhesion study using a parallel plate flow chamber confirmed that adhesion of C.
albicans was least to heat-cured acrylic (Veretx Regular) followed by self-cured acrylic
(Rimseal) and most to a self-cured silicone (Silagum). Similar findings have been reported in
the literature, with several groups reporting that adhesion of C. albicans occurs least to heatcured acrylics, followed by heat-cured silicones and most to self-cured silicones (Verran and
Maryan, 1997; Radford et al., 1998; Bulad et al., 2004; Nevzatoglu et al., 2007; Pavan et al.,
2010). Nevzatoglu et al. (2007) also reported that adhesion of C. albicans to heat-cured
acrylic was less than to self-cured acrylics, and Vural et al. (2010) found that adhesion of C.
albicans was greater to tissue conditioners than to heat-cured silicones.
The flow adhesion study also showed three phases of attachment. The first phase was a rapid
accumulation phase that occurred for approximately 30 minutes with exponentially-increasing
numbers of Candida cells attaching each time period. This was also the time period that
showed the greatest difference in the number of cells attaching per minute compared with the
other two phases. This phase may have corresponded to the initial stages of attachment where
planktonic micoorganisms move to, or are moved to, a material surface through, and by the
effects of physical forces (An and Friedman, 1998; Boks et al., 2008). The second phase,
which involved an accumulation of Candida cells, occurred for approximately 60 minutes.
The number of cells attaching per time period was less than in the first phase but greater than
the third phase, the slow accumulation phase, that occurred over the final 30 minutes, with an
average of 3 cells attaching each minute. This phase may have represented a phase where
there were a reduced number of binding sites available for microbial attachment (HallStoodley and Stoodley, 2009).
Material surface characteristics, such as surface free energy, hydrophobicity, and surface
roughness have been reported to influence the initial adhesion of microorganisms
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(Katsikogianni and Missirlis, 2004; Boks et al., 2008; Busscher et al., 2010). Generally, the
more hydrophilic (Boks et al., 2008; Boks et al., 2009; Busscher et al., 2010) and rougher
(Bollen et al., 1997; Teughels et al., 2006) the material surface is, the more attractive it is to
microorganisms, although reported exceptions to these relationships are high (Bos et al.,
1999;Bakker et al., 2004; Busscher et al., 2010). Despite this, it appears that an increase in
surface roughness above a threshold of 0.2 µm (Bollen et al., 1997) and/or an increase in
surface free energy (Busscher et al., 2010) facilitates microbial attachment. In this study, it
was found that while there was not a significant difference in the surface roughness of the
obturator materials tested, a heat-cured acrylic did have the lowest surface roughness,
followed by the heat-cured silicone. These two materials also had the lowest C. albicans
adhesion of the materials tested. The material with the highest surface roughness value was
self-cured acrylic. Numerous papers have reported the positive correlation of surface
roughness on the adhesion of C. albicans (Samaranayake et al., 1980; Radford et al., 1998; He
et al., 2006; Nevzatoglu et al., 2007; Pereira-Cenci et al., 2007), although some have found
that there is limited or no correlation between surface roughness and Candida adherence
(Moura et al., 2006; Pavan et al., 2010).
The chemical composition of the materials with the consequential difference in surface energy
(or hydrophobicity) could also have contributed to C. albicans adhesion. In this study,
material surface energy and hydrophobicity were determined by measuring the contact angle
of the obturator materials. The material with the highest surface energy and lowest contact
angle was the tissue conditioners followed by the self-cured silicone, the self-cured acrylics,
and the heat-cured silicone; the heat-cured acrylics had the lowest surface energy. From these
measurements it was possible to determine the surface most attractive for bonding based on
surface energy, which was the tissue conditioners. The material least attractive for attachment
was the heat-cured acrylics, followed by the heat-cured silicones, the self-cured acrylics and
the self-cured silicone, which was the same order that was found with the C. albicans
adhesion studies. Surface energy has, however, been found to provide less of an influence on
adhesion than other factors including surface roughness (Serrano-Granger et al., 2005; Moura
et al., 2006; Pereira-Cenci et al., 2007) and the presence of salivary proteins (Edgerton et al.,
1993; Nikawa et al., 1993; Cannon et al., 1995; Millsap et al., 1999; Moura et al., 2006;
Pereira-Cenci et al., 2007).
Because the body typically responds to prosthetic materials by coating them with a film or
pellicle (Hannig and Hannig, 2009), regardless of the material, the substratum surface
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chemistry is altered by macromolecule adsorption (Hall-Stoodley and Stoodley, 2009). The
altered material surface property may be a contributing factor to the increase in adhesion of C.
albicans to the obturator materials found in this study. Many different proteins and
glycoproteins have been detected in the salivary pellicle (Vitorino et al., 2004; Helmerhorst
and Oppenheim, 2007; Huq et al., 2007; Schipper et al., 2007), and some of these proteins can
also provide receptor sites for microbial adherence (Cannon et al., 1995).
The influence of saliva on the adherence of C. albicans to obturator materials was therefore
investigated. In this study, it was found that saliva increased adhesion of all strains of C.
albicans investigated to all obturator materials tested. The effect of saliva on the increase in
adherence of C. albicans cells was significant for all materials tested. In this study, using a
static adhesion technique, it was found that the percentage increase in adhesion of the
obturator-derived C. albicans cells, when the materials were coated in saliva from volunteers,
ranged from 74% for a tissue conditioner (Viscogel) to 109% for a heat-cured acrylic (Vertex
Implacryl). The same trend in adhesion of the other three strains of C. albicans was observed
as with the C. albicans clinical isolate from the obturator. Again it was found that when the
obturator materials were incubated in saliva, the candidiasis isolate RIHO10 showed an
increase in adherence properties similar to the C. albicans clinical isolate from the obturator
sample. The influence of saliva on increasing adhesion has been reported previously by
Cannon et al. (1995) who showed that saliva increased adhesion of C. albicans to
hydroxyapatite; this was later shown to be mediated by bPRPs (O'Sullivan et al., 1997).
A flow adhesion model also found that saliva increased the adhesion of C. albicans to the
three materials tested by more than 100%. Again, there were three phases of attachment
during each 2-hour study. The rapid accumulation phase occurred for approximately 30 min.
The number of cells attaching each minute was approximately doubled to 20 cells per minute
compared with approximately 11 cells when there was no saliva coating. The second phase
occurred for approximately 60 minutes. The number of cells attaching per minute was on
average 12 cells compared with 6 cells when there was no saliva coating. The third phase
occurred over the final 30 minutes, with on average of 3 cells attaching each minute, the same
as the number of cells attaching each minute to the materials with no saliva coating.
The influence of saliva from patients who had received radiotherapy on adhesion of the same
four strains of C. albicans to obturator materials was also investigated. The percentage
increase in adhesion of the C. albicans KLBD02 cells, when the materials were coated in this
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saliva, ranged from 81% for Viscogel to 135% for a heat-cured acrylic (Vertex Regular).
Similar increases in adherence of C. albicans strains hp11an, hp36bt and RIHO10 to the
obturator materials were also found, and the increase in adherence of the candidiasis isolate
RIHO10 was again similar to the obturator derived C. albicans KLBD02. There was a trend
that adherence of all investigated strains of C. albicans to materials coated in saliva from
patients was higher than adherence to materials coated in saliva from volunteers, but this was
not statistically significant. The flow adhesion model also showed that saliva from patients
increased the adhesion of C. albicans to the three materials tested by more than 100%. The
number of cells attaching each minute in the rapid accumulation phase was 23, compared with
20 cells per minute when the obturator materials were coated with saliva from volunteers and
11 cells when there was no saliva coating. In the accumulation phase, 15 cells attached each
minute, compared with 12 cells when the obturator materials were coated with saliva from
volunteers, and 6 cells when there was no saliva coating. In the third phase, an average of 3
cells attached each minute. In this study, it was found that there was a trend for higher C.
albicans adhesion to obturator materials coated in saliva from patients that had received head
and neck radiotherapy compared with saliva from healthy volunteers. This has been reported
in the literature previously, in a study involving C. albicans adhesion to silicone voice
prostheses (Holmes et al., 2006), and as an increase in oral Candida related infections in
patients receiving head and neck radiotherapy (Jham et al., 2007; Deng et al., 2010; Lalla et
al., 2010). This may have occurred because of changes in the viscosity, pH, inorganic and
organic constituents of saliva following irradiation of salivary glands (Grundmann et al.,
2009). There is conflicting information in the literature regarding the effect of salivary gland
irradiation on salivary protein concentration and composition. Some have reported that
protein concentrations remain unchanged (Edgar et al., 1982; de Barros Pontes et al., 2004),
and others have reported that protein concentration is altered (Brown et al., 1976; Makkonen
et al., 1986; Almstahl et al., 2001; Hannig et al., 2006). If salivary protein concentration
and/or composition are altered in irradiated patients, this may have contributed to the increase
in C. albicans adhesion found in this study.
To try to explain how saliva may be contributing to the increase in adhesion of C. albicans, an
investigation of selected salivary proteins was carried out. In a study investigating adhesion of
C. albicans to silicone, Holmes et al. (2006) concluded that saliva proteins were selectively
adsorbed to silicone and that C. albicans cells adhered specifically to the adsorbed salivary
proteins (Holmes et al., 2006). No proteins were identified in this study, but it was suggested
that PSP (or SPLUNC2) could be one such protein. Short palate, lung and nasal epithelium
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carcinoma-associated protein 2 (SPLUNC2), is a product of the PLUNC (Palate, Lung and
nasal epithelium clone) gene family that are expressed in the trachea, upper airway,
nasopharyngeal epithelium and salivary glands (Weston et al., 1999; Bingle and Bingle,
2000). Little is known about these proteins, but it has been found that SPLUNC2 is an
orthologue of PSP (parotid secretory protein), an abundant component of rat and mouse saliva
(Madsen and Hjorth, 1985; Shaw and Schibler, 1986; Mirels and Ball, 1992) and
consequently, the terms SPLUNC2 and PSP have been used interchangeably (Bingle and
Craven, 2004). Although a function for PSP is not known, it has been suggested that
SPLUNC2 may promote adherence of C. albicans to silicone voice prostheses (Holmes et al.,
2006) as well as heat-cured and self-cured acrylic.
A study to investigate adherence to selected salivary proteins (PSP and IgA) was carried out
initially with Western blot analysis using anti-PSP and anti-IgA antibodies. Following
selective adsorption of saliva polypeptides to heat-cured and to self-cured acrylic, it was
found that IgA was present in each of the saliva protein samples tested, and that PSP was
present in the saliva and the eluted saliva samples but was not strongly detected in the acrylicdepleted sample. This suggests that the two acrylic obturator materials selectively
concentrated both proteins, especially PSP. To investigate whether either or both of these
proteins could be identified following elution of proteins bound to the acrylic materials, a
mass spectrometry analysis of the PAGE-separated protein bands was carried out to identify
the unknown protein band identified in the region of 60 kDa. This protein band had been
detected in the sample eluted from heat-cured acrylic, and was also present in the original
saliva sample. Several identical proteins were found in each sample, namely α-amylase, IgAα
1, bactericidal/permeability-increasing protein, and long palate, lung and nasal epithelium
carcinoma associated protein 1 (LPLUNC1). SPLUNC2 was also found in volunteer and
patient saliva samples eluted from acrylic, showing that this protein is selectively
concentrated by heat and self-cured acrylic. This suggests that SPLUNC2 may be an adhesion
receptor for C. albicans and promote adherence of C. albicans to obturator materials.
To determine whether the selectively bound proteins were recognized by C. albicans
adhesins, proteins released from the coated acrylic were analysed using the blot overlay
adhesion assay (O'Sullivan et al., 1997; Holmes et al., 2006). One band was shown to bind C.
albicans cells, with a relative mobility of 60 kDa. A band of similar size, was also detected in
the blot overlay of the original saliva sample, and was either not detected, or was detected
with low intensity in the saliva sample following adsorption to acrylic. No difference was
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found between the saliva samples obtained from volunteers and those obtained from study
patients. It was also found that the saliva bPRPs, known to mediate C. albicans adherence to
hydroxyapatite (O'Sullivan et al., 1997), were not adsorbed to acrylic, and therefore,
adherence to acrylic was mediated by other salivary proteins. These results suggest that
salivary proteins are bound to acrylic resin and do provide adhesion receptors for C. albicans.
The results also show that SPLUNC2 is selectively concentrated by heat and self-cured
acrylic and therefore may be an adhesion receptor for C. albicans.

5.5 Summary
In this chapter, it was found that:
1. In a static adhesion assay, C. albicans attaches to all obturator materials. Candida
attachment was least to the heat-cured acrylics, followed by the heat polymerised
silicone, then the self-cured acrylics and silicone and most to the tissue
conditioners. These results were confirmed by static adhesion testing using 3
different laboratory strains of C. albicans – a high and a low binding strain and a
candidiasis strain.
2. Saliva promoted adhesion of C. albicans, the adhesion being approximately twice
that found without saliva.
3. Saliva from patients who had received head and neck radiotherapy promoted
adhesion of C. albicans more than saliva from healthy volunteers, but the
difference was not significant. These results were confirmed by static adhesion
testing with 3 different laboratory strains of C. albicans – a high and a low binding
strain and a candidiasis strain.
4. A flow adhesion study, using a parallel plate flow chamber, also found that C.
albicans attaches to obturator materials, and that saliva promotes adhesion of C.
albicans. The flow adhesion study also found that the rates of attachment of C.
albicans in the initial and the accumulation phases of attachment to the materials
following saliva pre-treatment were nearly twice that compared with no saliva pretreatment. There was no difference in the rate of attachment of C. albicans in the
third stage, the slow accumulation phase.
5. The contact angle of obturator materials ranged from relatively hydrophilic with a
high surface energy (52º for Viscogel) to more hydrophobic material with a
relatively lower surface energy (73º for a heat-cured acrylic). The static and flow
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adhesion studies found that attachment of C. albicans was greater to materials with
lower contact angles that were more hydrophilic with a higher surface energy.
6. Surface roughness ranged from 21.8µm for heat-cured acrylic and heat
polymerised silicone (Molloplast-B) to 24.3µm for a self-cured acrylic
(Castapress). The static and flow adhesion studies found that attachment of C.
albicans was higher to materials with a greater surface roughness.
7. Proteins were found to be selectively adsorbed to acrylic such that they weren’t
detected in acrylic-depleted saliva. Using mass spectrometry, SPLUNC2 was
identified on the acrylic-associated bound samples but not in the acrylic-depleted
saliva.!!
In summary, it was found that C. albicans attaches to all obturator materials, with a tendency
for Candida to attach more readily to surfaces with a greater surface roughness and surface
energy. Saliva was found to approximately double the adhesion of C. albicans to obturator
materials, with saliva from patients who had received radiotherapy as part of their cancer
treatment tending to increase adhesion more than saliva from healthy volunteers. The protein
SPLUNC2 was found to be selectively concentrated by heat and self-cured acrylic and may be
responsible for the adhesion of C. albicans to acrylic.
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6 Discussion

6.1 Introduction
The aim of this study was to investigate microbial adhesion to, and colonisation of, maxillary
obturators and the materials used to make these prostheses. The influence saliva had on
adhesion of bacteria and yeasts to obturator materials was also investigated. In the clinical
setting, this was carried out by investigating microbial colonisation of obturator prostheses
and the adjacent oronasal tissue surface in patients referred for restoration of maxillary
defects. In the laboratory, identification of bacterial species and strains on obturator swabs
was carried out using RAPD PCR, and the chromogenic agar, CHROMagar Candida, was
used for the detection and presumptive identification of yeast species on obturator and tissue
swabs. Detection of bacteria and yeasts was also carried out by DNA-DNA checkerboard
analysis. Microbial adhesion, and the influence of saliva was investigated using two adhesion
assays, a static adhesion study using radiolabelled microorganisms, and a flow adhesion study
using a parallel plate flow chamber. The influence of various salivary proteins on adhesion of
C. albicans and S. epidermidis was then investigated and a salivary protein, SPLUNC2, was
identified as a possible receptor for C. albicans adhesion to obturator materials.

6.2 Microbial detection and identification
Identification of bacterial species and strains can be carried out using a number of methods
including DNA-based methods such as the polymerase chain reaction (Welsh and
McClelland, 1990). In this study, RAPD PCR was used to identify bacteria on swab samples
taken from obturators and the adjacent tissue. The advantages of PCR are that it allows rapid
bacterial fingerprinting of PCR products, with little or no prior knowledge of the organism
being investigated (McClelland et al., 1995). RAPD PCR uses arbitrary primers that give
strain-specific patterns of PCR products, enabling the detection of polymorphisms between
strains (Williams et al., 1990). The data that are produced allows the differentiation of closely
related strains of the same species. This technique has been used in numerous studies in
dentistry for bacterial genotyping, including to genotypically compare cariogenic
Streptococcus mutans strains transferred within families (Li and Caufield, 1998) and bacteria
recovered from human bitemarks (Borgula et al., 2003; Rahimi et al., 2005). In this study, S.
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epidermidis was selected for further investigation because it was one of the few bacteria to be
found on both obturator and tissue surfaces. S. epidermidis is also a relatively common
commensal bacteria found in the mouth, maxillary sinus and nose and has been reported to
have pathogenic potential particularly in debilitated and immunocompromised people (Otto,
2009) such as the patients involved in this study.
The chromogenic agar, CHROMagar Candida, was used for the detection and presumptive
identification of yeast species on obturator and tissue swabs. The ability to detect both C.
albicans and non-albicans Candida species has become increasingly important because of the
increasing prevalence of non-albicans Candida species such as C. tropicalis and C. glabrata
in Candida infections (Williams and Lewis, 2000). CHROMagar Candida can be used to
presumptively identify C. albicans, C. tropicalis, C. glabrata and C. krusei (Odds and
Bernaerts, 1994; Beighton et al., 1995; Pfaller et al., 1996; Willinger and Manafi, 1999).
Detection, identification and quantification of bacteria and yeasts was also achieved by
checkerboard DNA:DNA hybridization (CKB) analysis of 40 cultivatable ecologically
important microbial species (Socransky et al., 1994; Socransky et al., 2004) with a focus on
oral microorganisms found in the mouth and nose (Aas et al., 2005; Marsh and Martin, 2009).
Use of CKB analysis allowed quantitative analysis of microbial species on obturator and
tissue samples, and has been used previously in dentistry to analyse supragingival (WallManning et al., 2002; Sissons et al., 2007) and subgingival (Socransky et al., 1998; Socransky
et al., 2004; Uzel et al., 2011) dental plaque microbiology. Using this technique, C. albicans
was found to be a major microbial species in samples by relative abundance of those
investigated, and was found in all patients sampled. Other microbial species found in all of
the patients sampled were S. epidermidis, Fusobacterium nucleatum ss nucleatum, Veillonella
parvula, Capnocytophaga gingivalis, Leptotrichia buccalis, Neisseria mucosa, S. sanguinis
and S. anginosus. All of these microorganisms are commonly found in the oronasal cavity
(McCracken and Land, 1997; Marsh and Martin, 2009), including the potential pathogen S.
epidermidis that was identified in this study using PCR and CKB techniques. It is
acknowledged though that there are limitations to CKB interpretation of species
identification. The hybridization specificity is at approximately species level, and therefore
includes all lower taxonomic level variants that could differ in virulence and ecology. Trace
cross-hybridization or non-specific hybridization can occur when gene transcripts hybridize to
CKB probes which were not designed to detect them (Socransky et al., 2004), and there is the
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potential to detect unknown and uncharacterized closely related strains (Aas et al., 2005;
Kumar et al., 2005).

6.3 Microbial changes throughout prosthodontic treatment
This study found that the level of microbial colonisation changed depending on the stage of
treatment and age of the obturator prosthesis. There was an increase in microbial colonisation
during prosthodontic treatment that occurred steadily and consistently throughout the various
stages of treatment to provide patients with an interim, and later, a definitive obturator
prosthesis, as well as in the follow-up period. The numbers of colonising microbes,
particularly the number of Candida cells only decreased in the week following delivery of a
new prosthesis or relining of an existing prosthesis. The microbial numbers then increased
over time as the obturator material aged until the obturator prosthesis was relined again or
remade. Similar findings have also been reported in studies involving individuals who have
complete dentures (Gendreau and Loewy, 2011). The increased colonisation may have
occurred because of the increasing age of the material (Nikawa et al., 2001a; Nikawa et al.,
2001b), a deterioration in oral hygiene over time increasing microbial attachment and
colonisation (Gibbons, 1989), cleaning methods (Jin et al., 2003; Nikawa et al., 2003), or
microbial colonisation of irregularities in the fitting surface of the obturator acrylic resin
(Pereira-Cenci et al., 2008) that facilitated increased colonisation and biofilm formation on
the obturator. There may also have been changes in the substrate surface properties in
addition to increasing surface roughness, such as increased surface charge and surface free
energy and reduced hydrophobicity (Busscher et al., 2010) and/or there could have been
increased bioactivity and improved architecture of the biofilm (da Silva et al., 2010).
Relining, or replacement of the obturator prosthesis, not only provides an uncolonised
surface, but may also result in morphological changes in early colonising microbial cells on
exposure to benzoyl peroxide released from the new material (Makihira et al., 2002).
The regular swab samples from the study patients over a period of years found that C.
albicans was the most common species of Candida detected. C. albicans was detected in
82.9% of all swabs in 14 of the 15 patients investigated. Other Candida species found were C.
glabrata in 12.5% of the swabs, C. krusei (9.3%) and C. tropicalis (6.1%) and these were
found either on their own or with other Candida species, most commonly with C. albicans.
The frequency of other Candida species was similar to that in other studies (Lalla et al.,
2010), although, C. tropicalis has been identified more commonly in some studies (12 to
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16%) (Leung et al., 2000; Belazi et al., 2004; Lalla et al., 2010) than it was found in this
study.
With the exception of the week following delivery of a new obturator, or relining an existing
obturator, the bacterial and Candida colonisation steadily increased during treatment and in
follow-up. This changed with patients who received radiotherapy. In these patients there was
a rapid and large increase in microbial colonisation that only started to decrease in the weeks
following completion of radiotherapy, and typically it took 1 to 2 months for microbial colony
counts to return to values similar to those before radiotherapy commenced.

6.4 Microbial changes during radiotherapy
Using CKB analysis, it was found that the relative proportion of particular microorganisms
changed in patients during radiotherapy. The proportion of microorganisms that were C.
albicans prior to radiation treatment was 9.5% (obturator) and 17.5% (tissue) and this
increased to 28% (obturator) and 45% (tissue) during radiotherapy. Accordingly, the
percentage contribution of many of the microorganisms detected by CKB analysis prior to
radiotherapy decreased during radiotherapy; the other microbial species that were most
commonly found, by relative percentage contribution, were F. nucleatum ss nucleatum, V.
parvula and S. epidermidis. Numerous studies have documented pronounced population
increases in yeasts, gram-positive cocci and gram-negative bacilli in patients with oral
carcinomas (Martin and van Saene, 1992; Nagy et al., 1998) and particularly during radiation
treatment (Llory et al., 1972; Brown et al., 1975; Keene et al., 1981; Keene and Fleming,
1987; Abu Shara et al., 1993; Epstein et al., 1991; Leung et al., 2001; Vissink et al., 2003b;
Dahlen et al., 2009). In addition to an increase in C. albicans it has been shown that some
bacterial species also increase in numbers, including the anaerobes Veillonella,
Fusobacterium, Prevotella, Porphyromonas, Actinomyces and Clostridium and the aerobes
Haemophilus, Enterobacteriaceae and Streptococcus spp. (Nagy et al., 1998). All of the
microbial species found to increase during radiotherapy are potential pathogens, particularly
in an immunocompromised individual (Bryers, 2008; Otto, 2009). Although the number of
patients in this study was small, (this group of patients is relatively uncommon in any New
Zealand centre) the results from the analysis using CKB and PCR have shown that S.
epidermidis is prevalent in this group of patients. The PCR identified S. epidermidis on the
obturator and tissue swabs and the CKB analysis found this microorganism in all patients
prior to, and during radiotherapy. Staphylococci, especially S. epidermidis and S. aureus, have
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been found to be responsible for the majority of medical implant device-associated infections
(Mack et al., 2007; Bryers, 2008). This suggests that S. epidermidis could also be a potential
pathogen

in

patients

with

obturator

prostheses,

particularly

those

who

are

immunocompromised during head and neck radiotherapy.
Analysis using CKB and chromogenic agar also showed that Candida, and particularly C.
albicans was frequently found in this group of patients and that the number of C. albicans
cells increased significantly during radiotherapy. An increase in Candida colonisation during
radiotherapy has been reported previously (Leung et al., 2000; Jham et al., 2007; Dahlen et
al., 2009; Lalla et al., 2010). Although fungal implant infections are less common than
bacterial infections, they tend to be more serious and are an increasing problem especially
those caused by the pathogenic Candida species, particularly C. albicans (Seneviratne et al.,
2008a; Thein et al., 2009). It was also found in this study that during, and following, head and
neck radiotherapy, C. albicans was the only Candida species identified on chromogenic agar,
irrespective of whether the other Candida species had been found prior to the patient
commencing radiotherapy. This suggests that changes in the tissues, the saliva or immune
changes resulting from radiotherapy may have favoured growth of C. albicans. Previous
studies have also found that C. albicans is the most common Candida species detected during
and following radiotherapy, but other Candida species, particularly C. tropicalis are
occasionally identified (Redding et al., 1999; Leung et al., 2000).
Not only did microbial numbers increase significantly during radiotherapy, but also during the
palliative care phase of treatment prior to death, for those patients for whom cancer
management treatment was unsuccessful. Significant increases in microbial numbers during
radiotherapy have been reported previously (Abu Shara et al., 1993; Vissink et al., 2003b;
Belazi et al., 2004). All of the patients in this study developed xerostomia during
radiotherapy, and oral care, particularly oral hygiene, deteriorated as radiotherapy progressed,
and/or as general health declined. This contributed to an increase in oral colonisation. This is
consistent with the literature where changes in saliva as a result of radiotherapy (Grundmann
et al., 2009) and an inability to maintain adequate oral care at home (Meurman and Gronroos,
2010) or in hospital (Terezakis et al., 2011) have been reported as factors contributing to
changes in microbial adhesion (Pereira-Cenci et al., 2008).
This study also found that all patients who had C. albicans colonisation exceeding 1x105 cfu
per swab after one week of head and neck radiotherapy subsequently required antifungal
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treatment to manage oral complications, such as mucositis, and many were hospitalised. This
observation has not been reported previously and suggests that it is possible that a large
increase in Candida colonisation during the first week of radiotherapy is a predictor, and/or a
potential precursor, to a severe tissue response to head and neck radiotherapy that will require
medical intervention. It may be that the rapid increase in C. albicans together with radiationinduced local tissue damage, and a reduced ability to maintain oral hygiene in these
immunocompromised patients may have introduced a predisposition to oral complications
from radiotherapy. Additional studies are necessary before a definitive conclusion can be
made, however if this finding is verified, clinicians could use C. albicans colony counts
exceeding 1x105 cfu after one week of radiotherapy as a prognostic indicator for patients that
are at high risk of developing a moderate to severe response to radiotherapy. Early
intervention could then be considered to reduce the risk, or morbidity, of the side-effects of
radiotherapy. Antifungal treatment can be used to manage complications during radiotherapy,
which include mucositis, candidiasis, and dysphagia (Deng et al., 2010; Lalla et al., 2010).
Systemic antifungals are effective at managing oral fungal infections, however topical
antifungal agents have been found to be less effective (Lalla et al., 2010). In this study,
systemic antifungal treatment was commenced at the end of the third week of radiotherapy for
patients who had previously been found to have C. albicans colonisation exceeding 1x105 cfu
per swab during the first week of radiotherapy. Antifungal treatment did not eliminate oral
yeast carriage, as has been found in previous studies (Redding et al., 1999; Leung et al.,
2000), but did significantly reduce the C. albicans colony counts. None of the patients with C.
albicans colonisation up to 1x104 cfu per swab after one week of radiotherapy required
antifungal treatment during radiotherapy, or were hospitalised to manage complications from
radiotherapy.

6.4.1 Candidiasis
Despite the general presence of C. albicans, candidiasis was not detected in a patient except
during radiotherapy and/or following tumour recurrence and the subsequent deterioration in
the patients’ oral and general health. In this study, candidiasis was only found when the
number of C. albicans colonies exceeded 1x104 per swab. The absence of a precise
relationship between Candida cfu and denture stomatitis has been reported previously
(Barbeau et al., 2003) and suggests that colony counts of C. albicans is a contributing factor
to the development of candidiasis but not the only factor. Other factors include local tissue
health, general health and the response of each individual to Candida colonisation (Deng et
al., 2010; Lalla et al., 2010; Williams et al., 2011). The percentage of patients that received
!

208!

head and neck radiotherapy that developed candidiasis was 50% and this may have occurred
because of the increased vulnerability of the oral cavity to infections such as candidiasis
during radiotherapy (Leung et al., 2000; Deng et al., 2010). This finding agrees with that
reported by Clarkson et al (2007) in a Cochrane review. They reported that the percentage of
patients developing candidiasis during chemo- or radiotherapy for oral cancer ranged from
5% to 100%, with a median value of 50%. Deng et al. (2010) reported the incidence of
candidiasis during radiotherapy to be 55.2% compared with 11.8% for those not receiving
radiotherapy, while others have reported the rate of oral candidiasis in patients receiving
radiotherapy for head and neck cancer to range from 27% to 77% (Dahiya et al., 2003; Belazi
et al., 2004; Jham et al., 2007). The reason candidiasis was not detected in patients in this
study who did not receive head and neck radiotherapy may have been because of the regular
follow-up and relining or remaking of the obturator prosthesis so that prolonged exposure of
the tissues to the colonised obturator was minimised.

6.4.2 Mucositis
In this study, all patients who received radiotherapy developed mucositis. The incidence of
oral mucositis has been reported to be close to 100% in patients receiving radiation therapy,
with or without chemotherapy, for cancers of the mouth and oropharynx (Sonis, 2007). This
may explain why the patients in this study developed mucositis because in all cases the
maxilla, hard and soft palate were in the field of radiation. Additionally, all the patients were
wearing an obturator prosthesis and this, and/or movement of the prosthesis, may have been
an additional source of irritation and/or infection. Another factor contributing to the
development of mucositis could have been the obturator prosthesis acting as a source of
infection (Arendorf and Walker, 1987; Pereira-Cenci et al., 2008) which may have been
influenced by the type of material used, such as PMMA, silicone and self-cured acrylic
(Webb et al., 1998a; b; Nikawa et al., 2001a; Kulak-Ozkan et al., 2002; Nevzatoglu et al.,
2007). Changes in the flow rate as well as the composition of saliva, when the major salivary
glands are in the field of radiation (Dumbrigue et al., 2000; Humphrey and Williamson, 2001;
Grundmann et al., 2009) may also contribute to an alteration in microbial adhesion (PereiraCenci et al., 2008). During radiotherapy there are adverse changes in the mucosa at
cumulative radiation doses as low as 10 Gy (Barcellos-Hoff et al., 2005; Sonis, 2007). There
is also a shift in the type and number of oral microorganisms during radiotherapy further
increasing the risk of oral infection (Vissink et al., 2003b; Belazi et al., 2004). In this study,
candidiasis was also found in all the patients who developed mucositis during radiotherapy
and this may have occurred for some of the same reasons that contributed to the development
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of the mucositis. It has, however been reported that the oral microflora is considered to have a
secondary role in the pathogenesis of mucositis (Raber-Durlacher et al., 2010) but may be a
contributor to indirect mucositis (Sonis, 2007). These effects are compounded during the
course of radiation, because oral care becomes more difficult as oral discomfort and fatigue
increases and oral and prosthesis care decreases (Elting et al., 2008).

6.5 Adhesion of S. epidermidis and C. albicans to obturator materials
In this study, S. epidermidis and C. albicans were found on the obturator and associated
tissues in all patients investigated. Because these two microorganisms are also commonly
found in the oro-naso-sinus region, and are potentially pathogenic, further studies were
carried out to investigate whether the obturator material and/or saliva influenced their
colonisation.

6.5.1 Adhesion to obturator materials
Adhesion of S. epidermidis and C. albicans to obturator materials was investigated using
static and flow (parallel plate flow chamber) adhesion studies. It was found that S.
epidermidis and C. albicans adhered to all obturator materials. Attachment of both
microorganisms was least to heat-cured acrylic, then heat-processed silicone, self-cured
silicone and the self-cured acrylics, and was most to tissue conditioners.
6.5.1.1 Adhesion of S. epidermidis to obturator materials
The results of the static adhesion study showed that there was a trend for S. epidermidis to
adhere in greater numbers to the tissue conditioner materials (Viscogel and Soft-liner) and
adherence was least to heat-cured acrylic (Vertex Regular and Vertex Implacryl). This pattern
was corroborated in a flow adhesion study using a parallel plate flow chamber. The flow
adhesion study also found that adhesion of S. epidermidis was least to the heat-cured acrylics,
followed by a heat-processed silicone, then the self-cured acrylics and the self-cured silicone,
with the greatest adhesion being to the tissue conditioners. In comparison to studies
investigating adhesion of C. albicans (Verran and Maryan, 1997; Radford et al., 1998; Bulad
et al., 2004; Nevzatoglu et al., 2007; Pavan et al., 2010) , there are few, if any studies
comparing adhesion of bacteria to different obturator materials. Those available have
investigated adhesion to acrylic resin (Bollen et al., 1997; Taylor et al., 1998; Sipahi et al.,
2001), soft lining materials (Pavan et al., 2010), or silicone (Tang et al., 2009). This may be
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because C. albicans is the microorganism most commonly associated with denture-related
infections (Seneviratne et al., 2008a).
S. epidermidis is a skin-colonising bacterium that usually maintains a commensal relationship
with its host, but has been shown to be one of the most common causes of infections on
indwelling medical devices (Otto, 2009). S. epidermidis cells have been shown to adhere to,
and colonise, oral surfaces including mucosa (Otto, 2009) denture acrylic (Taylor et al.,
1998), and silicone (Tang et al., 2009). Successful adhesion of microorganisms such as S.
epidermidis is considered to be the first step in the development of pathogenesis (Cheung and
Otto, 2010). Such adhesion, and any resultant prosthesis-associated S. epidermidis infections
can be serious, with S. epidermidis a common causative agent of nosocomial infections in the
United States (Cardno et al., 2004); fungal implant infections are less common than bacterial
infections, but tend to be more serious (Adam et al., 2002; Seneviratne et al., 2008a).
Although infections can be caused by a single pathogen, polymicrobial infections are also
reported (Adam et al., 2002; Bryers, 2008; Filoche et al., 2010; Kolenbrander et al., 2010).
Mixed bacterial-fungal biofilms have been found to be associated with infections of
endotracheal tubes, biliary stents, silicone voice prostheses and acrylic dentures (Bryers,
2008). Adam and colleagues have also shown interactions between S. epidermidis and C.
albicans, in particular, reducing the susceptibility of S. epidermidis to various anti-microbial
agents (Adam et al., 2002).
With a continual flow of liquid in the mouth, primarily saliva, microorganisms that do not
attach to dental or soft tissues are collected by saliva and swallowed (Dewhirst et al., 2010;
Nobbs et al., 2011). Some come into contact with hard and soft surfaces in the mouth but do
not thrive because they lack the mechanisms required to adhere and proliferate in the oral
environment. The microorganisms that successfully colonise the oral cavity have adapted to
adhere to oral surfaces and utilise the nutrients available (Nobbs et al., 2011). The
microorganisms able to adhere primarily to hard or soft tissues represent only a portion of the
over 600 different oral microbial species that are found in the mouth (Dewhirst et al., 2010).
Microorganisms that do not adhere directly to surfaces in the oral cavity may become
members of an oral biofilm by attaching to these primary colonisers. Cell-cell binding
between microorganisms is thought to be important in integrating secondary colonisers into
oral biofilms, and building a network of interacting microbial cells (Kolenbrander et al.,
2010). The maturation process of an oral biofilm depends, in part, on the biological properties
of the microorganisms in the particular local environment, generating a succession of species
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from early colonisers, primarily aerobes and Gram-positive facultative species, to climax
populations with increased anaerobic and Gram-negative species (Filoche et al., 2010;
Kolenbrander et al., 2010; Nobbs et al., 2011).
The flow adhesion study showed that there were three distinct phases of attachment in each
two hour study. Phase one (or the rapid accumulation phase) was a period of rapidly
increasing numbers of S. epidermidis cells attaching to the obturator materials each minute.
The rate of attachment was also faster than the other two phases. With all the materials tested,
the rapid accumulation phase of attachment occurred for approximately 30 minutes (range 28
to 34 minutes). This may correspond to the initial stages of attachment to a clean surface,
where planktonic microorganisms move to, or are moved to, a material surface by the effects
of physical forces such as Brownian motion, van der Waals attraction forces, gravitational
forces, the effect of surface electrostatic charge, or hydrophobic interactions (An and
Friedman, 1998; Boks et al., 2008). This first attachment of microorganisms such as S.
epidermidis to material surfaces has been reported previously as the initial phase of adhesion
by non-specific and/or specific receptor:ligand adhesion mechanisms (Busscher et al., 1992a)
using microbial protein adhesins for pellicle attachment (Nobbs et al., 2011).
In the rapid accumulating phase, the number of cells attaching per minute ranged from 127 for
the heat-cured acrylic Vertex Regular (lowest), to 237 (highest) for the tissue conditioner,
Soft-liner. The second phase (the accumulation phase), which involved an accumulation of S.
epidermidis cells, occurred for approximately 34 minutes (range 28 to 40 minutes) with an
average of 42 (Vertex Regular) to 74 (Soft-liner) cells attaching per minute The third phase,
the slow accumulation phase, occurred over the remaining 55 minutes (range 52 to 58
minutes) and had an average of 8 cells attaching per minute (range 7 to 10 cells per minute)
irrespective of the obturator material tested. This may have represented a phase where there
was a reduced number of binding sites available in this monospecies environment, and/or an
alteration in the environment, such as changes in pH, oxygen concentration, and/or nutrient
availability, that had previously been more favourable for microbial attachment in this in vitro
model (Hall-Stoodley and Stoodley, 2009).
6.5.1.2 Adhesion of C. albicans to obturator materials
Yeast cells have been shown to adhere to and colonise oral surfaces including mucosa and
acrylic dentures (Cannon and Chaffin, 1999; Ramage et al., 2004), and adhesion of C.
albicans to solid surfaces such as acrylics, silicones and denture lining materials is thought to
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be the first step in infection (Rotrosen et al., 1986; Williams et al., 2011). Such adhesion, and
any resultant superficial prosthesis-associated Candida infections, while usually not serious,
are common and can be problematic (Seneviratne et al., 2008a). In the head and neck region,
one of the most common superficial infections is denture stomatitis, a Candida infection of
the oral mucosa that is promoted by a close fitting upper denture (Budtz-Jorgensen, 1974;
Cannon and Chaffin, 1999; Douglas, 2003; Ramage et al., 2004; Pereira-Cenci et al., 2008;
Busscher et al., 2010) and has been reported since the 1960s (Cawson, 1965). The aetiology
of denture stomatitis is multifactorial and one of the associated factors is the denture base
material, such as polymethylmethacrylate and silicone (Rotrosen et al., 1986; Webb et al.,
1998a; b; Nikawa et al., 2001a; Nikawa et al., 2001b; Kulak-Ozkan et al., 2002). Candida has
been found to adhere directly or via a pellicle layer to the acrylic denture base (Rotrosen et
al., 1986; Nikawa et al., 1998; Sipahi et al., 2001; Barbeau et al., 2003; Avon et al., 2007;
Pereira-Cenci et al., 2007) as well as to silicone and tissue conditioners (Allison and Douglas,
1973; Vural et al., 2010). Clinically, the effect attachment of C. albicans has on reducing the
longevity of soft lining materials such as tissue conditioners and silicones has been reported
since the 1970s (Allison and Douglas, 1973; Makila and Hopsu-Havu, 1977; Makila and
Honka, 1979).
Adhesion of C. albicans in the static adhesion study, showed a trend for adherence to be
greatest to the tissue conditioner materials (Viscogel and Soft-liner) and least to heat-cured
acrylic (Vertex Regular and Vertex Implacryl). A flow adhesion study using a parallel plate
flow chamber confirmed that adhesion of C. albicans was least to heat-cured acrylic (Vertex
Regular) followed by self-cured acrylic (Rimseal) and most to a self-cured silicone (Silagum).
Similar findings have been reported in the literature, with several groups reporting that
adhesion of C. albicans occurs least to heat-cured acrylics, followed by heat-cured silicones
and most to self-cured silicones (Verran and Maryan, 1997; Radford et al., 1998; Bulad et al.,
2004; Nevzatoglu et al., 2007; Pavan et al., 2010). Nevzatoglu et al. (2007) also reported that
adhesion of C. albicans to heat-cured acrylic was less than to self-cured acrylics, and Vural et
al. (2010) found that adhesion of C. albicans was greater to tissue conditioners than to heatcured silicones. These findings may be explained by the varying material surface
characteristics, which are discussed in section 6.5.2.

6.5.2 Material surface characteristics
Material surface characteristics, such as surface free energy, hydrophobicity, and surface
roughness have been reported to influence the initial adhesion of microorganisms
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(Katsikogianni and Missirlis, 2004; Boks et al., 2008; Busscher et al., 2010). Generally, the
less hydrophobic (Boks et al., 2008; Boks et al., 2009; Busscher et al., 2010) and rougher
(Bollen et al., 1997; Teughels et al., 2006) the material surface is the more attractive it is to
microorganisms. The number of papers that report exceptions however is as high as the
number of papers showing these relationships (Bos et al., 1999; Bakker et al., 2004; Moura et
al., 2006; Busscher et al., 2010). In this study, the surface roughness and hydrophobicity of
the materials were investigated to find whether there was a relationship between these
material surface properties and adhesion of S. epidermidis and C. albicans.
6.5.2.1 Surface roughness
Surface roughness was measured in this study by acquiring topographical images using
confocal microscopy then inputing a 32 bit image into ImageJ to calculate mean values of
surface roughness using an ImageJ plug-in, SurfCharJ (Abramoff et al., 2004; Chinga et al.,
2007). This technique has not been reported previously in the dental literature. Because of
this, the surface roughness values recorded were higher than those previously reported in the
dental literature because of the accuracy of the method used, with values ranging from 21.8
µm for a heat-cured acrylic (Vertex Implacryl) to 24.3 µm for a self-cured acrylic
(Castapress). Quantification of the surface structures can be acquired using a number of
methods including stylus profilometry, laser profilometry, white light interferometry, confocal
microscopy, atomic force microscopy and scanning electron microscopy (Chinga et al., 2007).
Of these, stylus, or contact profilometry has been most commonly used in dentistry. Surface
roughness values using this technique have been found to range from 0.02 to 7.6 µm for heatcured acrylic, from 2.9 to 4.4 µm for self-cured acrylic, from 2.8 to 4.2 µm for self-cured
silicones, from 1.3 to 7.9 µm for heat-cured silicone, and for tissue conditioners, from 1.8 to
7.8 µm (Nevzatoglu et al., 2007). To carry out an accurate surface assessment depends on
having accurate representations of the material surfaces to be tested, and some techniques,
such as contact profilometry, can record artifacts that can reduce the accuracy of surface
quantification (Wagberg and Johansson, 1993). Contact profilometry is also unable to record
three-dimensional surfaces as accurately as scanning electron microscopy and confocal
microscopy, as was done in this study. Despite this, most surface finish standards are written
in terms of contact profilometer values. This is because of the comparatively low cost for a
contact profilometer and its operation compared with confocal and scanning electron
microscopy, as well as the recent ability to calculate surface roughness using other techniques
(Chinga et al., 2007). While the surface roughness values were higher in this study than those
reported in other studies, the relative rankings of material surface roughness were the same.
!

214!

This study found that heat-cured acrylic had the lowest surface roughness followed by heatcured silicone, then tissue conditioner, self-cured silicone and the material with the highest
surface roughness value was self-cured acrylic. While there was not a large difference in the
surface roughness of the obturator materials tested, the two materials with the lowest surface
roughness, the heat-cured acrylic and the heat-processed silicone also had the lowest adhesion
of S. epidermidis and C. albicans of the materials tested. Numerous papers have reported the
influence of surface roughness on the adhesion of microorganisms, including S. epidermidis
(Bollen et al., 1997; Taylor et al., 1998; Whitehead and Verran, 2006; Tang et al., 2009), and
C. albicans (Samaranayake et al., 1980; Verran et al., 1991; Verran and Maryan, 1997;
Radford et al., 1998; Nikawa et al., 2003; He et al., 2006; Moura et al., 2006; Nevzatoglu et
al., 2007; Pereira-Cenci et al., 2007; da Silva et al., 2010; Vural et al., 2010). In vivo studies
have suggested a threshold surface roughness for microbial retention of a Ra value of 0.2 µm,
below which no further reduction in bacterial accumulation would be expected (Quirynen et
al., 1990a; Bollen et al., 1996; Quirynen et al., 1996; Teughels et al., 2006). An increase in
surface roughness above this threshold roughness, however, has been reported to result in an
increase in oral plaque accumulation on dental materials and prostheses (Pereira-Cenci et al.,
2007; Tang et al., 2009; da Silva et al., 2010; Pavan et al., 2010; Vural et al., 2010),
increasing the risk of dental disease such as caries and gingivitis (Bollen et al., 1997;
Teughels et al., 2006; Aykent et al., 2010). Taylor et al. (1998) reported that increases in
surface roughness beyond an Ra greater than 1.86 µm, however, resulted in a decrease in
microbial adhesion compared with Ra values less than this, although adhesion was still found
to be greater compared with a smooth surface. Because of this, it has been suggested that
there may be an optimum roughness for microbial retention (Verran and Boyd, 2001) that is
determined by factors that include the size and shape of the microorganisms (Verran and
Boyd, 2001; Whitehead and Verran, 2006). Because of the range of reported surface
roughness values, it is not unexpected that several papers have reported that surface roughness
has a variable affect on microbial attachment (Verran and Boyd, 2001; Moura et al., 2006;
Whitehead and Verran, 2006; Pavan et al., 2010).
6.5.2.2 Hydrophobicity and surface energy
The chemical composition of the materials could also have contributed to S. epidermidis and
C. albicans adhesion through differences in surface energy (or hydrophobicity). In this study,
the material surface energy and hydrophobicity were determined by measuring the contact
angle of the obturator materials. It was found that the most hydrophilic material, with the
highest surface energy and lowest contact angle, was the tissue conditioners followed by the
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self-cured silicone, the self-cured acrylics, and the heat-processed silicone. The heat-cured
acrylics had the highest contact angle, and were therefore the most hydrophobic of the
materials tested and had the lowest surface energy. The contact angle measurements were,
however, all in the hydrophilic range (10° to 80°), with Viscogel having the lowest contact
angle measurement (57°) and Vertex Implacryl having the highest (73°). From these
measurements it was possible to determine the surface that was most attractive for bonding
based on surface energy. This was the tissue conditioner group, which had the lowest contact
angle, and the most hydrophilic surface. The material least attractive for attachment was heatcured acrylic, followed by heat-cured silicone, self-cured acrylic and the self-cured silicone.
This was the same pattern found in the S. epidermidis and C. albicans adhesion studies. There
have, however, been a variety of reports on the influence of surface hydrophobicity on
microbial adhesion. A positive relationship between surface hydrophobicity and the rate of
bacterial adhesion has been reported by some (Boks et al., 2008; Hannig and Hannig, 2009;
Mei et al., 2009a; Tang et al., 2009; Busscher et al., 2010), although materials tested in these
studies had a greater range of surface energy, based on the contact angle measurements,
which ranged from hydrophilic to super hydrophobic (>120°). Mei et al. (2009a) have
reported stronger adhesion forces of streptococci with more hydrophobic materials. They have
suggested that water is more easily removed from the area between the cell surface and a
hydrophobic material than with a hydrophilic material, enabling a closer approach and a
stronger adhesion force. In contrast, Quirynen et al. (1994) reported that hydrophobic surfaces
reduced supra- and subgingival bacterial adhesion in vivo, and others have suggested that
hydrophobicity and surface energy are not significant factors in microbial adhesion (Price et
al., 2002; Serrano-Granger et al., 2005).
While not investigated in this study, hydrophobicity of the cell surface of Candida species has
been suggested as a factor contributing to adherence of Candida to inert polymers (Cannon
and Chaffin, 1999) and host tissues (Hazen and Glee, 1995a; b; Singleton et al., 2005). It has
been reported that the more hydrophobic Candida species, C. tropicalis, C. glabrata and C.
krusei display greater adherence to denture acrylics than the less hydrophobic C. albicans
(Minagi et al., 1985; Minagi et al., 1986; Miyake et al., 1986). In contrast Segal et al. (1988)
showed that C. albicans had greater adherence to acrylic than isolates of other Candida
species. A consistent correlation between cell surface hydrophobicity and adherence has not
yet been shown, suggesting that other factors may contribute to the hierarchy of adhesion and
virulence of Candida (Cannon and Chaffin, 1999).
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When the material surface characteristics, surface roughness and hydrophobicity were
considered together in this study, it was found that there was a correlation with obturator
material surface characteristics and the adhesion of C. albicans and S. epidermidis (Table 30).
Generally, it was found that the greater the surface roughness and the lower the contact angle
(and hydrophobicity), the greater was the adhesion of C. albicans and S. epidermidis. This
finding is in agreement with what has been reported in the literature.
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Table 30. Summary of adherence of C. albicans and S. epidermidis to obturator materials and
obturator material surface characteristics

tissue&
conditioner&

Overall, it can be concluded that an increase in surface roughness above a threshold of 0.2 µm
as reported by Bollen et al. (1997) and/or an increase in surface free energy (Busscher et al.,
2010) appears to facilitate microbial attachment. Surface energy however, has been found to
provide less of an influence on adhesion than other factors such as surface roughness
(Serrano-Granger et al., 2005; Moura et al., 2006; Teughels et al., 2006; Pereira-Cenci et al.,
2007), material choice (Okita et al., 1991; Zissis et al., 2000; He et al., 2006; Nevzatoglu et
al., 2007; Young et al., 2009), material composition (Nikawa et al., 1995; Makihira et al.,
2002; Young et al., 2009), material age (Nikawa et al., 2000a; Nikawa et al., 2000b; Nikawa
et al., 2001a; Nikawa et al., 2001b), material cleaning techniques (Nikawa et al., 1994; Jin et
al., 2003; Brozek et al., 2011), and the presence of salivary proteins (Edgerton et al., 1993;
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Nikawa et al., 1993; Cannon et al., 1995; Millsap et al., 1999; Moura et al., 2006; PereiraCenci et al., 2007).

6.6 The influence of saliva on adhesion of S. epidermidis and C. albicans to
obturator materials
There is continual flow of saliva for most people, and unattached microorganisms are usually
swallowed with saliva (Nobbs et al., 2011). In a clinical situation, microorganisms usually
adhere to a salivary pellicle. This may influence the adhesion of microorganisms to denture
base materials by reducing the differences in a materials surface characteristics, such as
surface roughness and surface free energy (Jendresen and Glantz, 1981; Vasilas et al., 1992;
Moura et al., 2006; Pereira-Cenci et al., 2007; Hall-Stoodley and Stoodley, 2009). Salivary
proteins have also been reported to provide receptors for adhesion for some microorganisms
(Cannon et al., 1995; Cannon and Chaffin, 1999; Hannig and Hannig, 2009) and not others
(Pratt-Terpstra et al., 1989; Almstahl et al., 2001; Van Nieuw Amerongen et al., 2004; Mei et
al., 2009c). Because saliva usually coats all intraoral surfaces, it is important to consider
saliva as a factor in microbial adhesion. Accordingly, further studies were carried out to
investigate whether saliva influenced colonisation of obturator materials by S. epidermidis
and C. albicans.

6.6.1 Influence of saliva on adhesion to obturator materials
The influence of saliva on the adherence of S. epidermidis and C. albicans to obturator
materials was investigated using static (radiolabelling) and flow (parallel plate flow chamber)
adhesion studies. In this study, it was found that saliva decreased adhesion of all strains of S.
epidermidis investigated to all obturator materials tested, but increased adhesion of all strains
of C. albicans investigated. Saliva-modulated attachment of both microorganisms was least to
heat-cured acrylic, followed by heat-processed silicone, then self-cured silicone and the selfcured acrylics, and was most to tissue conditioners.
6.6.1.1 Influence of saliva on adhesion of S. epidermidis to obturator materials
The adherence of S. epidermidis to obturator materials that were coated in saliva was
investigated in this study. Although a trend was found for saliva to decrease the adhesion of
all strains of S. epidermidis investigated to all obturator materials tested, the difference in
adherence to saliva coated and uncoated materials was not statistically significant. Using a
static adhesion technique, it was found that the percentage decrease in adhesion of the
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obturator-derived S. epidermidis strain VCU116, when the materials were coated in saliva
from healthy volunteers, ranged from -17% for a tissue conditioner (Viscogel) to -32% for a
heat-cured acrylic (Vertex Regular). The same trend for a decrease in adhesion with the four
laboratory strains of S. epidermidis to obturator materials coated in saliva, compared with
uncoated materials, was also observed. A flow adhesion assay also found that saliva
decreased the adhesion of S. epidermidis to the nine materials tested by up to 20%, with a
range from -13% for Vertex Regular to -20% for Soft-liner.
The flow adhesion study also had three phases of attachment during each two hour study, as
with uncoated obturator materials. During the first (rapid accumulating) phase that occurred
for approximately 30 minutes, the number of cells attaching each minute to saliva-coated
obturator materials was 9% to 15% lower than to uncoated materials. The average number of
cells attaching per minute ranged from 118 (Vertex Regular) to 203 (Soft-liner), compared
with 127 (Vertex Regular) to 237 (Soft-liner) when there was no saliva coating. The second
(accumulating) phase occurred for approximately 30 minutes and the number of cells
attaching per minute was reduced by about 10% compared with uncoated materials,
irrespective of the material being tested. This result suggests that the influence of the material
surface characteristics underlying the saliva coating was reduced compared with the first
phase, but the saliva coating was still influencing adhesion compared with the uncoated
materials. In comparison, the third (slow accumulating) phase, had the same number of cells
attaching each minute as to uncoated materials, suggesting that there were a limited number
of binding sites available and the influence of saliva at this phase was reduced compared with
the other two phases.
A variety of results have been reported from in vitro studies with reference to the influence of
saliva on adhesion of bacteria, particularly streptococci, to surfaces in the oral cavity (Mei et
al., 2009a; Hu et al., 2011). Some have found that a salivary conditioning film has no
apparent effect (Hu et al., 2011). They suggest that the salivary pellicle may not fully mask
the physicochemical properties of the materials, and long-range interactions may still
influence bacterial adhesion through the pellicle. Different bacterial strains may then adhere
through their own characteristic hydrogen bonding molecular moieties with specific
interactions such as molecular recognition between ligand and receptor molecules (Hannig
and Hannig, 2009; Hu et al., 2011). Most studies, however, have reported that a saliva coating
reduces bacterial adherence (Olsson et al., 1990; Busscher et al., 1992b; Vasilas et al., 1992;
Cisar et al., 1997; Mei et al., 2009a; Mei et al., 2009b; Mei et al., 2009c). The observation
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that a salivary film reduces oral bacterial adhesion to an underlying surface compared with a
bare surface is in line with the protective function generally proposed for saliva (Lendenmann
et al., 2000; Van Nieuw Amerongen et al., 2004) and occurs despite the fact that initial
colonisers have the ability to adhere to salivary conditioning films (Vasilas et al., 1992; Mei
et al., 2009a). It has also been found that strain-dependent differences in the number of
bacteria adhering to a surface becomes smaller in the presence of a salivary conditioning film
(Mei et al., 2009a) and that saliva reduces bacterial adhesion to materials irrespective of their
surface free-energy (Pratt-Terpstra et al., 1989). Possible explanations for this are that the
salivary conditioning film increases surface free-energy, pushes microbial contact away from
the minimum interaction distance of 5-10 nm and/or in the presence of a non-conducting film
of salivary proteins, a repulsive nonspecific force is created (Mei et al., 2009c). Clinically,
bacteria usually do not adhere to hard and soft surfaces in the mouth in the absence of a
salivary film, and initial colonisers have the ability to adhere to salivary conditioning films.
Although adhesion is lower compared with a bare surface, in the presence of a salivary
conditioning film, initial colonisers have been found to have a higher adhesion force that is up
to two-fold-stronger than later colonisers (Mei et al., 2009b). This indicates the stronger
interaction with saliva-coated surfaces that initial colonisers have compared with later
colonisers (Mei et al., 2009b). Based on the results of this study, S. epidermidis does not
appear to be an initial coloniser intraorally. While adhesion of S. epidermidis to obturator
materials in the naso-sinus area is unlikely to be significantly mediatiated by saliva, it would
be interesting to investigate whether there would be any difference in S. epidermidis adhesion
to obturator materials, particularly when saliva-coated, when the surfaces had already been
colonised by primary colonisers. Studies that have investigated biofilm formation over 48
hours have also found that in the presence of adsorbed serum proteins, initial bacterial
adhesion is reduced, however, adhesion, increases in the 12 to 24 hour period, suggesting that
conditioning films, such as saliva, can reduce initial adhesion, but inter-bacterial adhesion can
lead to the formation of a robust mature biofilm (Patel et al., 2007).
6.6.1.2 Influence of saliva on adhesion of C. albicans to obturator materials
The influence of saliva on the adherence of C. albicans to obturator materials was
investigated. The effect of saliva was to significantly increase the adherence of C. albicans
cells to all materials tested, which is in contrast to S. epidermidis, where saliva reduced
adhesion. Using a static adhesion assay, it was found that the percentage increase in adhesion
of the obturator-derived C. albicans strain KLBD02, when the materials were coated in saliva
from healthy volunteers, ranged from 74% for a tissue conditioner (Viscogel) to 108% for a
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heat-cured acrylic (Vertex Implacryl). The same trend for an increase in adhesion of the three
laboratory strains of C. albicans was observed as with the C. albicans strain KLBD02. A flow
adhesion assay also revealed that saliva increased the adhesion of C. albicans to the three
materials tested by approximately 100%. There were three phases of attachment during each
two hour study, and the number of cells attaching each minute during phases 1 and 2 was
approximately double the number of cells attaching each minute to uncoated materials. In
comparison, the third phase had the same number of cells attaching each minute as to
uncoated materials.
Since the dental pellicle was first described (Nasmyth, 1839), the role of salivary components
in the colonisation of teeth by oral bacteria, particularly initial colonisers, has been well
documented (Rolla, 1977; Hamada and Slade, 1980; Gibbons, 1989; Lendenmann et al.,
2000). More recently, the role of saliva in mediating adherence of C. albicans to denture base
materials has been investigated (Samaranayake and MacFarlane, 1980; Samaranayake et al.,
1980; Vasilas et al., 1992; Edgerton et al., 1993; Hoffman and Haidaris, 1993; Hannig and
Hannig, 2009). Contradictory results have been reported from in vitro studies with reference
to the influence of saliva (Sipahi et al., 2001; Moura et al., 2006). Some studies have reported
that a saliva coating reduces the adherence of C. albicans to denture materials (Maza et al.,
2002; Moura et al., 2006; Pereira-Cenci et al., 2007; Mutluay et al., 2010), some, that it has
no effect (Jin et al., 2004) while others have shown it increases adherence rates (Vasilas et al.,
1992; Edgerton et al., 1993; Nikawa et al., 1993; Cannon et al., 1995; Cannon and Chaffin,
1999; Millsap et al., 1999; Holmes et al., 2006), suggesting that an acquired salivary pellicle
may contribute to colonisation of hard and soft surfaces in the oral cavity and
tracheoesophagus by C. albicans. There are a number of explanations for these apparently
contradictory results. It may be due to differences in the materials used, different incubation
periods, different C. albicans strains, use of filtered or whole saliva, different incubation
temperatures when performing the study, the buffer used, and the presence or absence of
nutrients, that may alter the cell viability and adherence capacity of C. albicans (PereiraCenci et al., 2008; Mei et al., 2009b; Hu et al., 2011). It might also be due to the age of the
salivary donor, and/or the use of stimulated versus unstimulated saliva, resulting in different
protein composition and viscosity. Inter-individual variations in the composition of saliva will
also affect microbial adhesion (Lendenmann et al., 2000). The main component of whole
stimulated saliva is parotid saliva (Mandel and Wotman, 1976), which has been shown to
enhance C. albicans adherence to denture acrylic (Vasilas et al., 1992). In contrast to
stimulated whole saliva, unstimulated whole saliva is mainly from the submandibular and
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sublingual glands (Edgar, 1992) and tends to have less of an effect on C. albicans adherence
(Vasilas et al., 1992). Stimulated saliva was used in this study, and this may have been a
factor that contributed to our finding that saliva-coated materials promoted greater adhesion
of C. albicans, than uncoated materials.
Although not investigated in this study, interactions with bacteria can also influence the
adhesion of C. albicans (Vasilas et al., 1992). Clinically, fungi and bacteria co-habit niches
with interactions between the two affecting survival, colonisation and pathogenesis of the
microorganisms (Adam et al., 2002; Wargo and Hogan, 2006; Lynch and Robertson, 2008).
There are some interactions that result in increased fungal virulence, and others that suppress
pathogenesis (Millsap et al., 2000; Wargo and Hogan, 2006). Mixed bacterial-fungal biofilms
can also have properties that differ from single-species biofilms (Wargo and Hogan, 2006).
Mixed species biofilms of C. albicans and S. epidermidis have also been found to be
beneficial for each species (Adam et al., 2002). Adam et al. (2002) showed that a strain of S.
epidermidis could inhibit fluconazole penetration in a mixed fungal-bacterial biofilm, and that
the presence of C. albicans in a biofilm protected S. epidermidis against vancomycin. Vasilas
et al. (1992) found that oral streptococci may facilitate colonisation of dental prostheses by C.
albicans.

6.6.2 Influence on microbial adhesion of saliva from patients who had received
head and neck radiotherapy
Changes in volume, viscosity, pH, inorganic and organic constituents of saliva occur
following irradiation of salivary glands (Hannig et al., 2006; Grundmann et al., 2009). There
is conflicting information in the literature regarding the effect of salivary gland irradiation on
salivary protein concentration and composition. Some have reported that protein
concentrations remain unchanged (Edgar et al., 1982; de Barros Pontes et al., 2004), and
others have reported that protein concentration (Makkonen et al., 1986) or, specifically,
lactoferrin concentration (Almstahl et al., 2001) increases and that levels of IgA, α-amylase,
lysozyme, lactoperoxidase and acidic PRPs alter (Brown et al., 1976; Valdez et al., 1993;
Almstahl et al., 2001; Hannig et al., 2006). This alteration has been found to be sufficient to
create oral flora changes that lead to a higher risk of dental caries (Dreizen et al., 1977;
Brown et al., 1978; Jansma et al., 1989; Sennhenn-Kirchner et al., 2009) and denture
stomatitis (Rothwell, 1987; Vissink et al., 2003b; Sennhenn-Kirchner et al., 2009; Deng et al.,
2010). If salivary protein concentration and/or composition is altered in irradiated patients,
this may contribute to a difference in microbial adhesion to materials compared with bare
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surfaces or materials coated in saliva from volunteers who have not had head and neck
radiotherapy.
6.6.2.1 Influence of saliva from patients who had received head and neck radiotherapy
on adhesion of S. epidermidis
The influence of saliva from patients who had received radiotherapy on adhesion of S.
epidermidis to obturator materials was investigated. Using static and flow adhesion assays,
there was a trend for a greater number of S. epidermidis cells to adhere to materials coated in
saliva from patients who had received head and neck radiotherapy than to materials coated in
saliva from healthy volunteers, but this difference was not statistically significant. In the static
adhesion studies, it was found that patient-derived saliva decreased adhesion of the obturator
derived S. epidermidis strain KLBD02 from -12% for a tissue conditioner (Viscogel) to -23%
for a heat-cured acrylic (Vertex Regular) compared with adhesion to uncoated materials. In
comparison, the decrease in adhesion of S. epidermidis to obturator materials coated in
control saliva, compared with uncoated materials was -17% for Viscogel to -32% for Vertex
Regular. Similar decreases in adherence of S. epidermidis strains ATCC 12228, ATCC 14990,
CDC S-59 and ATCC 49134 to obturator materials coated in patient-derived saliva compared
with uncoated materials were also found.
Using a flow adhesion model, it was found that patient-derived saliva decreased the adhesion
of S. epidermidis to all nine materials tested by up to 12% with a range from -7% for Vertex
Implacryl to -12% for Viscogel. During each two-hour study there were three phases of
attachment. In the first phase, which occurred for approximately 30 minutes, the number of
cells attaching each minute was approximately 3% more than to materials coated in control
saliva from health volunteers, but was 6% to 12% less than attachment to uncoated materials.
The second phase occurred for approximately 30 minutes and the number of cells attaching to
the obturator materials a minute was approximately 8% more than to materials coated in
control saliva, but was approximately 3% less than attachment to uncoated materials. This is
the phase that had the greatest difference between the number of cells attaching to materials
coated in saliva from volunteers and materials coated in patient-derived saliva. This result
suggests that this is the phase where the effect of the difference in saliva composition between
patients and volunteers on adhesion may be greatest. In comparison, the third (slow
accumulating) phase, had the same number of cells attaching each minute as to uncoated
materials and materials coated in volunteer saliva, suggesting that there were a limited
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number of binding sites available and the influence of saliva in this phase was reduced
compared with the other two phases.
Changes in salivary protein concentration and composition have been reported to occur
following irradiation of salivary glands (Hannig et al., 2006; Grundmann et al., 2009). Such
changes may help explain the difference in S. epidermidis adhesion to materials coated in
saliva from patients who had received head and neck radiotherapy compared with materials
coated in saliva from healthy volunteers. Although the differences were not significant, there
was a trend for patient-derived saliva to reduce S. epidermidis adhesion less than control
saliva. It is possible that if the patient-derived saliva used in this study was altered by the
effects of radiotherapy that it might have been less efficient at blocking bacterial adhesion
than the volunteer-derived saliva. Clinically, it is possible that the altered saliva may also be a
contributing factor to the development and/or the severity of mucositis in patients receiving
head and neck radiotherapy.
6.6.2.2 Influence of saliva from patients who had received head and neck radiotherapy
on adhesion of C. albicans
The influence of patient-derived saliva on adhesion of four strains of C. albicans to obturator
materials was investigated. The percentage increase in adhesion of the obturator-derived C.
albicans strain KLBD02 to materials coated in this saliva compared to uncoated materials,
ranged from 80% for a tissue conditioner (Viscogel) to 135% for a heat-cured acrylic (Vertex
Regular). Similar increases in adherence of the C. albicans strains hp11an, hp36bt and
RIHO10 to obturator materials coated in patient-derived saliva were also found. There was
also a trend that adherence of all investigated strains of C. albicans to materials coated in
saliva from patients was higher than adherence to materials coated in saliva from volunteers,
but this increase was not statistically significant. The flow adhesion assay also showed that
patient-derived saliva increased the adhesion of C. albicans to the three materials tested by
more than 100% compared with uncoated materials, and the rate of attachment was
approximately 15% greater in phase one and 20% greater in phase two than to materials
coated in control saliva from healthy volunteers. There was no difference in the rate of
attachment in phase three when comparing materials coated in patient-derived or control
saliva or uncoated materials.
In this study, it was found that there was a trend for greater C. albicans adhesion to obturator
materials coated in saliva from patients who had received head and neck radiotherapy as part
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of their maxillary tumour treatment, compared with saliva from healthy volunteers. This has
been reported previously in a study investigating C. albicans adhesion to silicone voice
prostheses (Holmes et al., 2006), and as an increase in oral candidiasis in patients receiving
head and neck radiotherapy (Jham et al., 2007; Deng et al., 2010; Lalla et al., 2010). Changes
in saliva (Grundmann et al., 2009) and salivary protein concentration and composition
(Brown et al., 1976; Edgar et al., 1982; Makkonen et al., 1986; Valdez et al., 1993; Almstahl
et al., 2001; de Barros Pontes et al., 2004; Hannig et al., 2006) following irradiation of
salivary glands are likely to have contributed to greater C. albicans adhesion to obturator
materials when compared to materials coated in control saliva and uncoated materials. It is
possible that radiotherapy altered the patient-derived saliva used in this study, so that it
promoted adhesion of C. albicans more than the volunteer-derived control saliva. However,
because there was little difference in adhesion, the effect in this study may have been only
minor. Despite this, it is possible that such an effect may be a contributing factor to the
occurrence and/or severity of candidiasis and/or mucositis in patients receiving head and neck
radiotherapy.

6.7 Salivary components influencing microbial adhesion
Materials in the mouth, such as obturator materials, are usually coated with a film or pellicle
(Hannig and Hannig, 2009). Regardless of the material, the substratum surface chemistry is
altered by macromolecule adsorption (Hall-Stoodley and Stoodley, 2009) modifying the total
surface free energy and acid-base characteristics of the material, increasing its wettability
(surface energy) and adhesive properties (An and Friedman, 1998; Cannon and Chaffin, 1999;
Sipahi et al., 2001; Nel et al., 2009; Busscher et al., 2010). These saliva-mediated material
surface property changes may be a contributing factor to the decrease in adhesion of S.
epidermidis and the increase in adhesion of C. albicans to the obturator materials found in this
study. Many different proteins and glycoproteins have been detected in the salivary pellicle on
hard and soft surfaces in the oral cavity (Vitorino et al., 2004; Helmerhorst and Oppenheim,
2007; Huq et al., 2007; Schipper et al., 2007). These include α-amylase, lysozyme,
peroxidase, immunoglobulins (mainly IgA), fibronectin, vitronectin, fibrinogen, albumin,
many of which act as ligands to receptors on colonising bacteria (Amerongen and Veerman,
2002; Teeuw et al., 2004; Hannig and Hannig, 2009). Proteins in the salivary pellicle
providing receptor sites for the adherence of microorganisms (Cannon et al., 1995), further
confounds the influence of factors such as surface roughness and surface free energy on
microbial adhesion (An and Friedman, 1998). Based on the literature, the anticipated
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influence of saliva on adhesion of S. epidermidis is variable (Mei et al., 2009a; Hu et al.,
2011), and for Candida adhesion, is contradictory (Sipahi et al., 2001; Moura et al., 2006).
Studies investigating the effect of saliva on the adherence of Candida species, other than C.
albicans, to acrylic resins have found similar variable adherence levels (Cannon and Chaffin,
1999; Moura et al., 2006; Pereira-Cenci et al., 2007).
Salivary proteins can form heterotypic complexes called the salivary complexome that have
been classified based on the observed hierarchy of protein-protein interactions (Soares et al.,
2004). Although the role of the salivary complexome is not fully understood (Huq et al.,
2007), complex formation between proteins and peptides can provide protection against
proteolysis and enable modulation of biological activity (Soares et al., 2004). Salivary
proteins and peptides also interact with oral microorganisms and the pattern of protein–
microbe interaction can alter if the salivary protein is involved in a complex. For example, it
has been reported that an MG2–sIgA complex bound to Pseudomonas aeruginosa and
Staphylococcus aureus, but that purified MG2 did not associate with either species (Biesbrock
et al., 1991b). Salivary protein–microbe interactions in vitro include aggregation, adherence,
cell killing and inhibition of metabolism of the bacteria (Huq et al., 2007). In general, low
molecular weight proteins appear to assist the adherence of Candida (Busscher et al., 1997)
and patients with low or impaired salivary flow and/or composition tend to present with
higher Candida counts compared to patients with normal salivary flow (Tanida et al., 2001;
Dodds et al., 2005).
To try to provide an explanation for why saliva reduced adhesion of S. epidermidis and
increased C. albicans adhesion to obturator materials, the influence of selected salivary
proteins on the adhesion of S. epidermidis and C. albicans was investigated.

6.7.1 Salivary proteins influencing adhesion of S. epidermidis
A study of the influence of selected salivary proteins on S. epidermidis adherence was carried
out using two common salivary proteins that have anti-bacterial functions, mucin and αamylase. Amylase is one of the most common proteins in saliva (Humphrey and Williamson,
2001; Dodds et al., 2005), can bind bacteria such as some streptococci (Douglas, 1983;
Douglas et al., 1990; Kilian and Nyvad, 1990), has anti-microbial activity, and is involved in
selective clearance and adherence of microorganisms (Almstahl et al., 2001). The
concentration range of α-amylase in whole saliva is 0.3 to 0.5 mg/ml (Huq et al., 2007). In
this study, it was found that adhesion of S. epidermidis to α-amylase-coated materials was
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greater than adhesion to the saliva-coated controls and similar to adhesion to the KCl coated
controls. This may have occurred because interaction with α-amylase is species specific for
bacteria (Kilian and Nyvad, 1990), and it is possible that α-amylase neither serves as an
adhesion receptor for, nor binds S. epidermidis in solution for bacterial clearance
(Scannapieco et al., 1993; Douglas, 1994; Brown et al., 1999). In contrast, mucin did reduce
adhesion of S. epidermidis. Mucins are negatively charged glycoproteins with low solubility
and high viscosity, elasticity and adhesiveness and have been found to interact with a number
of microorganisms (Love, 2002; Almstahl et al., 2001), and when free in saliva, mucins can
agglutinate microorganisms (Love, 2002; Van Nieuw Amerongen et al., 2004). There are two
types of mucins in saliva, MUC5B (mucin MG1) with a molecular weight of >1000 kDa, and
MUC7 (mucin MG2) with a molecular weight of 130-150 kDa (Humphrey and Williamson,
2001; Van Nieuw Amerongen et al., 2004). The concentration range of mucin in whole saliva
is 0.08 to 0.5 mg/ml (MG1) and 0.01 to 0.2 mg/ml for MG2 (Huq et al., 2007). In this study,
following incubation of the obturator materials in a range of mucin MG2 concentrations from
0.01 to 1.0 mg/ml, it was found that adhesion of S. epidermidis was reduced compared with
incubating the obturator materials in saliva. The reduction in adhesion when materials were
coated in 1.0, 0.5 and 0.25 mg/ml mucin was significant, whereas coating materials in 0.125,
0.1, 0.0625, 0.0312 and 0.01 mg/ml mucin resulted in adhesion that was less than adhesion to
materials incubated in saliva, but the difference was not statistically significant.
Mucin MG1 adheres to the tooth surface, forming a barrier against bacterial acid attack, and
provides a proton-diffusion barrier (Nieuw Amerongen et al., 1987) but is a potential receptor
for bacterial adhesins of relatively few oral microorganisms (Veerman et al., 1997). In
contrast, mucin MG2 can agglutinate a wide variety of bacterial species, causing microbial
aggregation that facilitates oral clearance such as by swallowing (Biesbrock et al., 1991a;
Schenkels et al., 1995; Liu et al., 2000). While some salivary proteins, such as histatins and
acidic proline rich proteins are only found in saliva, mucin is found in several different body
fluids including saliva and nasal mucous (Schenkels et al., 1991). This means that
microorganisms colonising a maxillary obturator, and the adjacent tissues, will interact with
mucin on both the oral and the sino-nasal surfaces of the obturator prosthesis.
To investigate whether mucin aggregated S. epidermidis, an aggregation study was carried
out. In this study, it was found that a mucin concentration as low as 0.01 mg/ml was able to
cause aggregation of S. epidermidis. It was also found in flow adhesion studies, that
aggregation of adhering S. epidermidis cells appeared to occur when obturator materials were
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coated in saliva, but not with uncoated materials. Although a variety of salivary molecules
have been implicated in the aggregation process, including lysozyme, IgA, salivary agglutinin
and mucin, it is the mucins that represent the predominant aggregation activity in saliva
(Malamud et al., 1981). In the oral cavity, mucin is mainly produced by the submandibular
and the sublingual salivary glands (Huq et al., 2007), and MG2 is thought to be more
important for aggregation than MG1 (Van Nieuw Amerongen et al., 2004). Bacteria usually
have a net negative surface charge, and they do not usually bind directly to negativelycharged mucins. Instead, bacteria either interact with mucin through bridging reactions
involving cations, (such as Ca2+) or express cell surface proteins that recognize
oligosaccharides on salivary mucin. This results in aggregation of microorganisms (Love,
2002; Lamont and Jenkinson, 2010), facilitating removal of the bound microorganisms as
well as potentially harmful compounds (Ericson et al., 1975; Ligtenberg et al., 1992). Bacteria
cluster by interaction with host secretion components forming aggregates that facilitates the
removal of the aggregated microorganisms from the mouth by a non-immune mechanism, by
blocking bacterial adhesins and/or receptors (Malamud et al., 1981; Ericson and Rundegren,
1983; Brady et al., 1992; Schenkels et al., 1995; Bikker et al., 2002). Alternatively, a salivary
agglutinin can be absorbed onto a solid surface, such as a tooth, or a denture base material
(Brady et al., 1992), to function as an adhesin, promoting adherence to the solid surface
(Ericson and Rundegren, 1983; Kolenbrander, 1988; Lamont and Rosan, 1990; Crowley et al.,
1993; Bikker et al., 2002). The ability of microorganisms to either bind to immobilised
aggluntinin, which results in adherence, or to be bound by an agglutinin, which results in
aggregation, will help determine whether this protective property of saliva will be effective
against a particular microorganism (Ericson and Rundegren, 1983). From the results of this
study, it appears that S. epidermidis is bound by mucin concentrations found in whole saliva,
resulting in aggregation, and reducing the ability of S. epidermidis to attach to obturator
materials. This may, at least in part, explain why adhesion of S. epidermidis was reduced
when materials were coated by saliva when compared to S. epidermidis adhesion to uncoated
obturator materials.

6.7.2 Salivary proteins influencing adhesion of C. albicans
The oral cavity has a number of surfaces that C. albicans can adhere to including prostheses,
restorative materials, teeth, oral epithelium and other microorganisms (Cannon and Chaffin,
1999). In the oral cavity, proteins from saliva selectively absorb to surfaces to form acquired
pellicles, containing immunoglobulins, mucin, α-amylase, cyctatins, proline-rich proteins,
lysozyme, glucosyltransferases, albumin, fibrinogen, and serum components (Cannon and
!

228!

Chaffin, 1999; Amerongen and Veerman, 2002; Teeuw et al., 2004; Hannig and Hannig,
2009). Because all surfaces are usually coated with a salivary pellicle, it would suggest that
microbial adherence interactions involve adsorbed saliva molecules. Saliva pellicles have
been shown to increase adhesion of C. albicans to human epithelial cells (Holmes et al.,
2002), S. gordonii cells (Holmes et al., 1995), oral streptococci (O'Sullivan et al., 2000),
hydroxyapatite beads (Cannon et al., 1995), polymethylmethacrylate (Vasilas et al., 1992;
Edgerton et al., 1993; Sipahi et al., 2001) and silicone (Holmes et al., 2006). Blot overlay
assays have been used to identify the saliva proteins to which C. albicans adheres resulting in
the identification of basic proline rich proteins as receptors for C. albicans adhesion to
hydroxyapatite (O'Sullivan et al., 1997). More recently, Holmes et al. (2006) concluded that
two saliva proteins detected in their study, which were selectively concentrated by silicone,
may be C. albicans adherence receptors. They suggested that these proteins could be
identified by N-terminal protein sequencing, or by mass spectrometry analysis of the PAGEseparated protein bands, and while no proteins were identified in this study, it was proposed
that PSP (or SPLUNC2) could be one such protein (Holmes et al., 2006).
SPLUNC2, is a product of the PLUNC (Palate, Lung and Nasal Epithelium clone) gene
family, that was first identified in mice (Weston et al., 1999) and later in humans (Bingle and
Bingle, 2000). PLUNC proteins can be divided into two subgroups, the short (SPLUNC1, 2,
3, and so on) and long (LPLUNC 1, 2, 3, and so on) groups, based on their sequence length
(Bingle and Craven, 2002). The expression of a number of these proteins in humans has been
found to be restricted to the trachea, upper airway, nasopharyngeal epithelium and salivary
glands (Bingle and Bingle, 2000). Little is known about these proteins, but they are secreted
into the airway and nasal lining fluids and saliva where, due to their structural similarity with
lipopolysaccharide-binding protein and bactericidal/permeability-increasing protein, it has
been proposed that they may contribute to the innate immune response in regions of the
mouth, nose and lungs (Bingle and Craven, 2002), act as anti-inflammatory proteins in host
defence, and contribute to maintaining host-microbial homeostasis (Bingle and Craven, 2004;
Bingle and Gorr, 2004; Bingle et al., 2004). In a comparative molecular analysis, it was found
that SPLUNC2 is an orthologue of PSP (parotid secretory protein), an abundant component of
rat and mouse saliva (Madsen and Hjorth, 1985; Shaw and Schibler, 1986; Mirels and Ball,
1992) and consequently, the terms SPLUNC2 and PSP have been used interchangeably
(Bingle and Craven, 2004). Although a function for PSP is not known, both PSP and
SPLUNC2 are mainly expressed in the salivary glands (Geetha et al., 2005), and have also
been identified in whole saliva (Vitorino et al., 2004; Ramachandran et al., 2006) as well as in
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minor gland saliva (Siqueira et al., 2008) and as a component of acquired enamel pellicle
(Siqueira et al., 2007). More recent work has shown that SPLUNC2 is predominantly
expressed by the serous cells of the parotid and sublingual salivary glands as well as the seromucous tubules of the oral mucosa, posterior tongue, tonsil and nasopharynx (Bingle et al.,
2009). This suggests that C. albicans colonising a maxillary obturator, and the adjacent
tissues, may interact with SPLUNC2 on both the oral and the sino-nasal components of the
obturator prosthesis. While it has been suggested that recombinant human PSP (SPLUNC2)
has an anti-endotoxin effect on Gram-negative bacteria and may be an anti-inflammatory and
anti-bacterial protein in the oral cavity (Geetha et al., 2003), it has also been suggested that it
could be a C. albicans adherence receptor (Holmes et al., 2006).
A study to investigate adherence to selected salivary proteins (PSP and IgA) was carried out
in a Western blot using anti-IgA and anti-PSP antibodies. Following selective adsorption of
saliva polypeptides to acrylic, the whole saliva, the acrylic-depleted saliva and the saliva
polypeptides eluted from the acrylic were assessed using Western blots and immunodetection.
In this study, it was found that IgA was present in each of the saliva protein samples tested,
but the PSP was present in the saliva and the eluted saliva samples but was not strongly
detected in the acrylic-depleted sample. This suggests that acrylic selectively concentrated
both proteins, especially PSP.
To determine whether the selectively bound proteins were recognized by C. albicans
adhesins, proteins eluted from the coated acrylic were analysed by the blot overlay technique
(O'Sullivan et al., 1997; Holmes et al., 2006). One band with a relative mobility of 60 kDa
was shown to bind C. albicans cells. A band of similar size, was also detected in the blot
overlay of the original saliva sample, and was either not detected, or was detected with low
intensity in the saliva sample following adsorption to acrylic. No difference was found
between the saliva samples obtained from volunteers and those obtained from patients. It was
also found that the salivary bPRPs, known to mediate C. albicans adherence to
hydroxyapatite (O'Sullivan et al., 1997; O'Sullivan et al., 2000), were either not adsorbed, or
were only weakly adsorbed to acrylic, suggesting that adherence to acrylic was mediated by
other salivary proteins. These results are similar to those reported by Holmes et al. (2006) in
their investigation of C. albicans binding to silicone voice prostheses, and indicates that
salivary proteins may be bound to acrylic resin and provide adhesion receptors for C.
albicans.
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To investigate whether either or both IgA and PSP could be identified following elution of
proteins bound to acrylic, a mass spectrometry analysis of the PAGE-separated protein bands
was carried out. The unknown protein band with an approximate molecular mass of 60 kDa
was investigated because the blot overlay assay showed that proteins in this region bound C.
albicans cells. Also, this protein band was detected in the sample eluted from acrylic, and in
the original saliva sample, but was not strongly detected following acrylic treatment,
suggesting selective adsorption had concentrated particular salivary polypeptides on the
acrylic. Analysis found several proteins present in each sample, including α-amylase, IgAα 1,
bactericidal/permeability-increasing protein, and long palate, lung and nasal epithelium
carcinoma associated protein 1 (LPLUNC1). Also found in saliva samples eluted from the
acrylic was the protein short palate, lung and nasal epithelium carcinoma-associated protein 2
(SPLUNC2), a saliva protein thought to bind C. albicans, and promote adherence of C.
albicans to materials such as silicone (Holmes et al., 2006) and acrylic. This result shows that
SPLUNC2 is selectively concentrated by acrylic and therefore may be an adhesion protein
with receptors for C. albicans. This may also help explain why saliva promoted the adhesion
of C. albicans to obturator materials in this study.

6.8 Summary
This study can be summarised in terms of the clinical and laboratory findings.

6.8.1 Clinical
All patients investigated were colonised by S. epidermidis and Candida, and C. albicans
colonised almost all patients, at all stages of prosthodontic treatment, and also in the followup period. The number of microorganisms colonising an obturator and the adjacent tissue
showed a positive correlation to the age of the obturator prosthesis. The number of colonising
microbes reduced following a reline or delivery of a new prosthesis, and increased from week
2 of a reline (or delivery of a new prosthesis) until the prosthesis was relined or remade again.
All patients with C. albicans colonisation greater than 1x105 cfu per swab after 1-week of
radiotherapy required antifungal therapy to manage oral complications during radiotherapy
and in many cases these patients were hospitalised as a result of complications from their
radiotherapy; the patients with C. albicans colonisation up to 1x104 cfu per swab after 1-week
did not require antifungal treatment. All patients receiving radiotherapy developed mucositis
and candidiasis; candidiasis was not found in patients who did not receive radiotherapy.
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6.8.2 Laboratory
S. epidermidis and C. albicans bound to all obturator materials, with a tendency for both of
these microorganisms to attach more readily to surfaces with a greater surface roughness and
surface energy. Saliva was found to reduce the adhesion of S. epidermidis to obturator
materials, with saliva from healthy volunteers reducing adhesion more than saliva from
patients who had received head and neck radiotherapy. The protein mucin was found to
reduce adhesion of S. epidermidis to obturator materials and to cause its aggregation at mucin
concentrations found in whole saliva. In comparison, saliva coating obturator materials was
found to approximately double the adhesion of C. albicans compared with uncoated
materials; saliva from patients increased adhesion more than saliva from healthy volunteers. It
is possible that the decreased ability of saliva from patients to reduce adhesion of S.
epidermidis and C. albicans to obturator materials, compared with saliva from healthy
controls, may be a contributing factor clinically to increased morbidity in patients receiving
head and neck radiotherapy. The protein SPLUNC2 was found to be associated with Candida
adhesion to acrylic.

6.9 Hypotheses
The results of this research have supported the following hypotheses:
Hypothesis 1: That the types and numbers of microorganisms colonising an obturator
prosthesis, and the adjacent tissues will vary according to the phase of prosthodontic
treatment, the general health of the patient, the material used to make the obturator, and the
presence of saliva. Confirmed. This conclusion is based on the following results:
• Microbial colonisation was found to be directly related to the stage of treatment and the
age of the prosthesis. Colonisation reduced following a reline or delivery of a new
prosthesis, and increased from week 2 of a reline (or delivery of a new prosthesis) until
the prosthesis was relined or remade.
• Microbial colonisation of both the obturator and tissues increased during radiotherapy
and in the palliative care phase of treatment. Microbial colonisation reduced
immediately with antifungal therapy, or if antifungals were not required, in the 1 to 2
months following the completion of radiotherapy. During and following radiotherapy,
C. albicans was the only yeast present.
• S. epidermidis and Candida, particularly C. albicans, were found to colonise the
obturator and the adjacent tissues in all of the patients investigated.
• Also see hypothesis 3 and hypothesis 4.
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Hypothesis 2: Radiotherapy will alter the microbial flora and increase oral mucosal
infections. Confirmed. This conclusion is based on the following results:
• All patients were colonised by S. epidermidis and Candida species, with C. albicans
being the most prevalent Candida species. During radiotherapy, microbial colonisation
of obturators and the adjacent tissues increased. During and following radiotherapy C.
albicans was the only yeast present.
• The relative abundance of particular microbial species colonising an obturator, and the
adjacent tissues changed during radiotherapy. Using CKB analysis, it was found that the
relative proportion of the microbiotia that was C. albicans increased from 9.5%
(obturator) and 17.5% (tissue) prior to radiotherapy, to 28% (obturator) and 45%
(tissue) during radiotherapy.
• All patients who had C. albicans colonisation greater that 1x105 cfu per swab after one
week of radiotherapy later required antifungal therapy, and in some cases,
hospitalisation, to manage oral complications during radiotherapy; the patients with C.
albicans colonisation less than 1x104 cfu per swab after one week did not require
antifungal treatment.
• All patients developed mucositis and candidiasis during radiotherapy. In comparison,
candidiasis was not identified in patients who did not receive radiotherapy.
Hypothesis 3: The type of material used to make an obturator will influence microbial
adhesion. Confirmed. While the findings related to this part of the research were not
statistically significant, there was a trend in the following results:
• A static adhesion study and a parallel plate flow adhesion study, showed that S.
epidermidis and C. albicans attached to all obturator materials investigated. For both S.
epidermidis and C. albicans, attachment was least to the heat-cured acrylics, followed
by the heat-processed silicone, then the self-cured acrylics and silicone and most to the
tissue conditioners. Comparative results were found in static adhesion assays using four
different laboratory strains of S. epidermidis and three different laboratory strains of C.
albicans.
• The flow adhesion studies with S. epidermidis and C. albicans showed that there were
three phases of attachment. The rate of attachment of S. epidermidis cells or C. albicans
cells per minute in the rapid accumulation phase (phase 1) of attachment was two to
three times greater than attachment in the accumulation phase (phase 2).
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• The static and flow adhesion studies indicated that attachment of S. epidermidis and C.
albicans was greater to materials with lower contact angles that were more hydrophilic
with a higher surface energy. The contact angle of all obturator materials was in the
hydrophilic range (10° to 80°). The material that was the most hydrophilic with the
highest surface energy was a tissue conditioner (52º for Viscogel) and the least
hydrophilic material with the lowest surface energy was a heat-cured acrylic (73º for
Vertex Implacryl).
• The static and flow adhesion studies found that attachment of S. epidermidis and C.
albicans was higher to materials with a greater surface roughness. Surface roughness
ranged from 21.8 µm for heat-cured acrylic (Vertex Implacryl) to 24.3 µm for a selfcured acrylic (Castapress).
Hypothesis 4: Saliva will change microbial colonisation of obturator materials. Confirmed.
This conclusion is based on the following results:
• Saliva was found to reduce adhesion of S. epidermidis to obturator materials. With
materials coated in control saliva from healthy volunteers, adhesion was approximately
three quarters of that to uncoated materials. In comparison, when materials were coated
in saliva from patients that had received head and neck radiotherapy, adhesion of S.
epidermidis was also reduced, but by approximately two thirds of that found to
uncoated materials. Similar results were found by static adhesion assays with 4 different
laboratory strains of S. epidermidis.
• Saliva was found to promote adhesion of C. albicans. The adhesion of C. albicans to
saliva-coated materials was approximately twice that found to uncoated materials.
Saliva from patients promoted adhesion of C. albicans more than saliva from healthy
volunteers, but the difference was not significant. The results were confirmed by static
adhesion testing with 3 different laboratory strains of C. albicans – a high and a low
binding strain and a candidiasis strain.
• The flow adhesion studies showed that the rate of attachment of S. epidermidis cells or
C. albicans cells in the rapid accumulation phase and the accumulation phase were
greater when the obturator materials were coated in saliva from volunteers and from
patients than when the materials were uncoated. The rate of attachment in the plateau
phase was the same, whether the materials were coated in saliva or were uncoated.
Hypothesis 5: Salivary proteins will influence microbial adhesion. Confirmed. This
conclusion is based on the following results:
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• Mucin was found to reduce adhesion of S. epidermidis to obturator materials but αamylase did not. Mucin was found to cause aggregation of S. epidermidis and may have
contributed to the reduction in adhesion of S. epidermidis to saliva-coated materials
compared with uncoated materials.
• Salivary proteins were found to be selectively adsorbed to acrylic. Using mass
spectrometry, SPLUNC2 was identified on the acrylic-associated bound samples but not
in the acrylic-depleted saliva. This suggests that SPLUNC2 was being concentrated on
acrylic resin, and may be a salivary protein that acts as a receptor for C. albicans
adhesins. This protein may also have contributed to the increase in adhesion of C.
albicans to saliva-coated materials compared with uncoated materials.

6.10 Future research and recommendations
6.10.1 Future research
Further research that could be carried out includes a larger prospective clinical study to
confirm whether Candida colonisation counts of greater than 1x105 cells per swab at the end
of the first week of head and neck radiotherapy can help predict patients who may be at risk
of severe complications from radiotherapy and require antifungal treatment or hospitalisation.
Because the number of patients with maxillary resections in any centre in New Zealand is
small, such a study would need to be multi-centred, and may need to include all patients
receiving head and neck radiotherapy, not just those who have had a maxillary resection. If
this finding could be confirmed, suitable early treatment could be introduced to reduce the
morbidity of head and neck radiotherapy in susceptible patients.
Further in vitro questions that could be investigated include: Is the concentration of salivary
proteins, such as mucin and SPLUNC2, altered by radiotherapy, and if so, for how long? Is
SPLUNC2 a major protein with receptors for C. albicans adhesion, and are there other
salivary proteins with receptors for microbial adhesion to obturator materials and tissues?
In vivo questions include: Can obturator materials be modified to reduce microbial adhesion,
and/or reduce the effects of head and neck radiotherapy? Would 3- or 6-monthly relining of
obturator prostheses reduce microbial colonisation compared with 12-monthly relining? Do
probiotics reduce microbial adhesion of obturator materials and can they reduce the severity
of head and neck radiotherapy?
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6.10.2 Recommendations
Based on the results of this study, the following recommendations can be made:
1. Obturator prostheses should be regularly relined. This should be carried out annually,
but consideration could be given to six monthly relines for patients who have
radiation-induced salivary gland hypofunction because of the increased risk of
microbial adhesion to obturator materials.
2. Patients who have received head and neck radiotherapy where the saliva glands were
in the field of radiation should be reviewed regularly (three to six monthly). This is
because of the increased risk of microbial colonisation, especially by Candida, of the
oburator and tissues in patients with radiation-induced salivary gland hypofunction. In
particular, weekly review of patients receiving radiotherapy should be considered
because of the rapid and large increase in Candida colonisation that occurs and to
manage complications arising such as candidiasis and mucositis.
3. Colonisation of the obturator and adjacent tissues by Candida should be monitored
during head and neck radiotherapy, especially during the first three weeks of
radiotherapy. Consideration could be given to providing prophylactic antifungal
treatment for patients who have Candida colonisation greater than 105 cfu/ml at the
end of the first week of radiotherapy.
4. Consideration should be given to using obturator materials that have surface
characteristics that are associated with lower microbial adhesion. These surface
properties include low surface roughness and surface energy to reduce the risk of
microbial adhesion. This would suggest that interim obturators be made with selfcured acrylic and definitive obturators be made with heat-cured acrylic.

6.11 Conclusion
In conclusion, all obturator materials can be colonised by microorganisms, and clinically,
microbial colonisation of obturators is related to the age of the material. All patients with
maxillary obturators were colonised by Candida at some time during prosthodontic treatment,
C. albicans colonising numbers increased significantly during radiotherapy, and early
colonising numbers may be used as an predictor for patient susceptibility to severe infectionrelated complications of head and neck radiotherapy. Bacterial numbers also increase during
radiotherapy but bacterial colonisation appears to be of lesser significance to patient
morbidity than Candida colonisation. Saliva reduces adhesion of S. epidermidis to obturator
materials compared with uncoated materials, and mucin may contribute to this by aggregating
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S. epidermidis. In comparison, saliva increases adhesion of C. albicans, and SPLUNC2 may
provide receptors for C. albicans facilitating its adhesion to obturator materials.
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Appendix A - Ethical approval, and sample information and consent sheets

Ethical approval

Lower South Regional Ethics Committee
c/- Ministry of Health
229 Moray Place
Dunedin
Phone: (03) 474 8562
Email: lowersouth_ethicscommittee@moh.govt.nz

22 December 2011

Mr Karl Lyons
University of Otago - School of Dentistry
Dept of Oral Rehabilitation
School of Dentistry
PO Box 647
DUNEDIN

Dear Mr Lyons

Ethics ref:
Study title:

OTA/02/05/034
(please quote in all correspondence)
Biofilm formation on prosthetic materials used to restore maxillary
resection defects

Thank you for submitting the annual progress report relating to the above named study. This
report has been reviewed and approved by the Chairperson of the Lower South Ethics
Committee under delegated authority.
Approved Document:
•

Ethics Committee Progress Report signed and dated 15 December 2011 by Karl
Lyons

Ongoing ethical approval is reconfirmed until 17 June 2012. Please remember to submit the
next annual progress report before this date. This report form can be found on our website at
www.ethicscommittees.health.govt.nz
Please do not hesitate to contact me should you have any queries.
Yours sincerely

AWHINA RANGIWAI
ADMINISTRATOR
Lower South Ethics Committee
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Sample information sheets

DEPARTMENT OF ORAL REHABILITATION
MR K M LYONS

Information sheet for participants in the study:
What microorganisms stick to oral prostheses and how do they do it?
Principal Investigators:

Mr Karl Lyons
Senior Lecturer
Department of Oral
Rehabilitation
University of Otago
Dunedin

Professor Richard Cannon
Department of Oral Sciences
University of Otago
Dunedin

Contact Phone for Researchers:

Tel: (03) 479 7122

Tel: (03) 479 7081

Principal Investigators:

Professor Robert Love
Department of Oral Diagnostic and Surgical Sciences
University of Otago
Dunedin

Contact Phone for Researchers:

Tel: (03) 479 7121

Introduction
You are invited to take part in a study that aims to find out what microorganisms stick to oral
prostheses and how do they do it. Please read this information sheet carefully before deciding
whether or not to participate. If you decide to participate, we thank you. If you decide not to
take part there will be no disadvantage to you of any kind and we thank you for considering
our request.
What are the aims of this study?
The aims of this study are to find out what types of microorganisms stick to denture that are
used to restore holes in the upper jaws (obturators), and to determine how these
microorganisms stick to the obturator. Microorganisms sticking to obturators have been
shown to be linked to infections and the need for early replacement of the obturator. This
project will use saliva and swabs of the oral cavity to help identify the miroorganisms that
stick to the materials used to make obturators and to the adjacent tissues. A mouth model
will then be used to determine how the microorganisms stick to the acrylic and silicone
materials that are used to make the obturator. It is hoped that this study may find a way to
prevent microorganisms from sticking to obturator dentures. This would help make obturator
dentures last longer before they need to be replaced, and would reduce the chances of the
tissues next to the obturator becoming infected.
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What type of participants are being sought?
The participants in this study will be people who have had a part of their upper jaw removed
by surgery and/or people who have had radiation treatment that may have affected their
saliva glands.

What will participants be asked to do?
Should you agree to take part in this project and complete a consent form, a sterile swab will
be wiped over a section of the roof of your mouth. You will also be asked to dribble a small
amount (1 ml) of saliva into a sterile bottle. If you have little or no saliva, you will be asked
to rinse 10 ml of sterile water around your mouth and to dribble this into a sterile bottle.
These samples will be collected in the clinic, and collection will take approximately five
minutes. This sampling may be requested to be repeated four more times over the next year
during the course of your treatment by Karl Lyons. Material from the swab and saliva will
be spread on agar plates and any microorganisms that grow will be identified and stored.
These microorganisms will be examined later to determine how they stick to acrylic and
silicone materials. Ten years after the project is completed, all tissue samples will be
destroyed.
What are the benefits of the study?
The swab will be wiped on an agar plate to see what microorganisms grow. Identifying the
microorganisms that grow, and how they stick to an obturator, would help us treat any
infections in adjacent tissues that are caused by wearing the obturator, and may help us find a
way to make obturator dentures last longer before they need to be replaced.
What are the risks of the study?
There is a small risk of abrasions being caused by wiping your mouth with the swab. If any
abrasion occurs, Mr Lyons will treat this.
Do I have to participate in this study?
Your participation is entirely voluntary (your choice). You do not have to take part in this
study, and if you choose not to take part this will not affect any future dental care or
treatment.
What data or information will be collected and what use will be made of it?
The investigators will collect information from your dental records on your age, gender,
ethnicity and medical history. The results of this project will be written in a report, and may
be published, but no material that could personally identify you will be used in any reports on
this study.
You will have access to, and will be able to correct, any personal information gathered
concerning you, and you are most welcome to request a summary of the results of the project
when completed.
The data collected will be securely stored in such a way that only those people mentioned
above will be able to gain access to it. At the end of the project any personal information
Version 3, 29 July 2009
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will be destroyed immediately except that, as required by the University's research policy,
any raw health data on which the results of the project depend will be retained in secure
storage for ten years, after which it will be destroyed. The microorganisms and saliva
samples will be stored securely and ten years after the completion of the project they will be
destroyed by autoclaving.
What if participants have any questions?
If you have any questions about this project or want more information, either now or in the
future, please feel free to contact Karl Lyons, Department of Oral Rehabilitation, School of
Dentistry, telephone (03) 479 7122. If you have any queries or concerns about your rights as
a participant in this study you may wish to contact a Health and Disability Services
Consumer Advocate, telephone (03) 479 0265 or 0800 37 77 66.
In the unlikely event of a physical injury as a result of your participation in this study, you
will be covered by the accident compensation legislation with its limitations. If you have any
questions about ACC please feel free to ask the researchers for more information before you
agree to take part in this trial.
This study has received ethical approval from the Lower South Regional Ethics Committee.
Thank you for considering this request to take part in this study.

Version 3, 29 July 2009
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Sample consent sheet

DEPARTMENT OF ORAL REHABILITATION
MR K M LYONS

Consent Form
For the research project:
What microorganisms adhere to oral prostheses and how do they do it?
I have read and I understand the information sheet for volunteers taking part in the study
designed to find out what microorganisms adhere to oral prostheses and how they do it. I
have had the opportunity to discuss this study. I am satisfied with the answers I have been
given.
I understand that taking part in this study is voluntary (my choice) and that I may withdraw
from the study at any time and this will in no way affect my future health care.
I understand that my participation in this study is confidential and that no material that could
identify me will be used in any reports on this study.
I have had time to consider whether to take part.
I know whom to contact if I have any questions about the study.
I consent to the researchers storing a swab of my mouth and a sample of saliva for their later
use as part of this study. All tissue samples will be destroyed five years after the project has
been completed.
I wish to receive a copy of the results when completed

YES / NO

I (full name) ............................................................ hereby consent to take part in this study.
Age: …………
Gender: Male / Female
Ethnicity: NZ European

Other European

NZ Maori

Asian

Pacific Island (please specify) …………………… Other (please specify)……….……………….
Medical History
Have you ever had any of the following?
Heart problems ...................................... YES / NO
Hepatitis or Jaundice ............................. YES / NO
Version 2, 29 July 2009
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Diabetes ................................................. YES / NO
Epilepsy ................................................. YES / NO
Asthma ................................................... YES / NO
Bleeding problems ................................. YES / NO
HIV/AIDS.............................................. YES / NO
Any other illness not mentioned above?
Are you taking any medications, pills or drugs now?

YES / NO

Which ones? ……………………………………………………………………………………
Have you taken any other medications in the past year?

YES / NO

Which ones? ……………………………………………………………………………………

Signature: .............................................................
Date:

.............................................................

Full name of Researchers:

Mr Karl Lyons
Department of Oral
Rehabilitation
University of Otago

Dr Richard Cannon
Professor
Department of Oral Sciences
University of Otago

Contact Phone for Researchers:

(03) 479 7122
Dr Robert Love
Professor
Department of Oral Diagnostic
and Surgical Sciences
University of Otago

(03) 479 7081

Dunedin
Contact Phone for Researchers:

Tel: (03) 479 7121

Project explained by Mr Karl Lyons (Clinician)

Signature: .............................................................
Date:

.............................................................
Version 2, 29 July 2009
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Appendix B - Published book chapter

Richard D. Cannon1, Karl M. Lyons2, Kenneth Chong1, and Ann R. Holmes1 (2010).
Adhesion of yeast and bacteria to oral surfaces (Chapter 8). G. J. Seymour et al. (eds.), Oral
Biology, Methods in Molecular Biology 666:103-124

1

Department of Oral Sciences, School of Dentistry, University of Otago, PO Box 647, Dunedin 9054, New
Zealand
2
Department of Oral Rehabilitation, School of Dentistry, University of Otago, PO Box 647, Dunedin 9054, New
Zealand
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Chapter 8
Adhesion of Yeast and Bacteria to Oral Surfaces
Richard D. Cannon, Karl M. Lyons, Kenneth Chong,
and Ann R. Holmes
Abstract
Colonization of surfaces in the human body by microorganisms is an early, essential, step in the initiation of infectious disease. We have developed in vitro assays to investigate interactions between yeast or
bacterial cells and human tissues, fluids, or prostheses. Such assays can be used to identify the adhesins,
ligands, and receptors involved in these interactions, for example by determining which components of
the microbe or human tissue/fluid interfere with adherence in the assay. The assays can also be applied to
finding ways of preventing adhesion, and subsequent disease, by investigating the effects of different conditions and added compounds on adherence in the in vitro assays. We describe six assays for measuring
adhesion of the oral yeast Candida albicans, a common commensal and opportunistic pathogen, or the
bacterium Staphylococcus epidermidis, which is not normally pathogenic but is known to form biofilms on
medical prostheses. The assays described represent two approaches to investigating adhesion; retention
at a fixed time point following liquid washes; and retention against a continuous flow of medium.
Key words: Candida albicans, Staphylococcus epidermidis, adhesion, saliva, colonization, epithelial
cells, silicone, hydroxyapatite, polymethyl methacrylate.

1. Introduction
The oral cavity provides many surfaces and niches which are colonized by a variety of microorganisms that form complex biofilms
(1). While these microbial communities and biofilms are often
non-pathogenic, certain microorganisms play important roles in
oral diseases such as dental caries, periodontitis, and oral candidiasis. It is therefore important to investigate the multiple microbial/host adhesion interactions within the oral cavity, such as
those that promote development of the oral biofilm dental plaque,
G.J. Seymour et al. (eds.), Oral Biology, Methods in Molecular Biology 666,
DOI 10.1007/978-1-60761-820-1_8, © Springer Science+Business Media, LLC 2010
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and those that facilitate colonization by pathogenic microorganisms implicated in oral diseases (2). In some instances it may be
possible to preclude diseases by inhibiting microbial adhesion and
preventing colonization. Many bacteria, fungi, and viruses adhere
to host tissues and other substrates by lectin-like interactions and
carbohydrates are under development as drugs to interfere with
the microbial–host interaction (3, 4). Candida albicans is a commensal yeast normally present in the oral cavity in low numbers
relative to bacterial species. It is also an opportunistic pathogen
that causes oral candidiasis and interfering with its adhesion has
the potential to prevent such infections (5). Probiotics, which are
used to reduce or prevent colonization by pathogenic microbes,
can act by inhibiting adhesion (6).
In order to develop novel antimicrobial strategies that prevent or reduce adhesion, microbial adhesion must be assessed and
monitored using appropriate assays. In this chapter we describe
the assays used in our laboratory to measure the adhesion of the
oral yeast C. albicans and the skin commensal bacterium Staphylococcus epidermidis to different model surfaces that represent those
found in the oral environment. Our assays use radiolabeling of the
yeast/bacteria, or microscopy, to detect and quantify the interactions with various substrates. Although we focus on two species,
the assays described are applicable to studies of the adhesion of
other oral microorganisms.
There are two main categories of adhesion assays: one measures microbial retention at a fixed time point following liquid
washes; the other measures adhesion and retention against continuous liquid flow in real time. We describe examples of both.
An important aspect of both assays is the nature of the force challenging the retention of the microbe on, or with, the substrate:
in the fixed time point static assay, this is the wash condition
before adhesion is measured; for the flow assay, it is the shear force
applied as adhesion is measured. Selection of the type of assay to
be used depends on the in vivo system being modeled. In the oral
cavity, where initial adherence is often a matter of retention on a
saliva-coated surface, both types of assay have relevance. Use of
a parallel plate flow chamber with continuous liquid flow (7) has
the advantage that adhesion can be studied quantitatively with
in situ, real-time, observation, without use of radioactive compounds. It is also possible to control the hydrodynamic conditions in terms of shear rate, flow velocity, and Reynolds number,
which determine the mechanism of mass transport. In addition,
the passage of air/liquid interfaces across the substratum for
rinsing, fixation, and/or staining purposes can be avoided in
continuous flow systems. The non-flow systems have the advantages of not requiring complex equipment and allowing multiple assays in small volumes, yet they remain relevant to in vivo
conditions.
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In general, radiolabeling is our first choice for detecting or
quantifying adhesion. This approach provides high sensitivity and
reproducibility compared to quantifying attachment by either
microscopy or viable cell count. In many cases assays can be
designed for a microtiter plate format to enable simplification of
the protocol and to reduce reagent use.
We describe six representative assays of microbial adhesion
developed in our laboratory. The assays measure adhesion of
C. albicans in static assays to the following substrates: (i) salivacoated hydroxyapatite (HA) (8), (ii) immobilized saliva proteins
(C. albicans overlay assay) (9, 10), (iii) epithelial cells following
saliva treatment of the yeast cells (11), (iv) saliva-coated medical
grade silicone (12) or saliva-coated denture prosthetic material
(Holmes, Lyons et al., unpublished data). Other assays measure
adhesion of S. epidermidis to denture prosthetic material under
(i) static or (ii) flow conditions (Lyons et al., unpublished data).

2. Materials
2.1. Radiolabeling of
Yeast and Bacterial
Cells and Cell Culture

1. Equipment (additional to usual laboratory equipment): scintillation counter with a microplate and microfuge tube capability (see Note 1). Anaerobic jar for the cultivation of bacteria and GasPak EZ anaerobic container system (Becton
Dickinson & Co [BD], Franklin Lakes, NJ, USA).
2. Radiochemicals (see Notes 2 and 3): (a) 35 S-methionine:
Yeast cells are labeled with 35 S-methionine (EasyTagTM
L-[35 S]-Methionine,
stabilized
aqueous
solution;
PerkinElmer Life and Analytical Sciences, Inc., Waltham,
MA, USA). (b) 3 H-thymidine: bacterial cells are labeled
with 3 H-thymidine ([methyl-3 H] thymidine, aqueous
solution, sterilized; GE Healthcare UK Ltd, Chalfont
St Giles, UK). Both are stored refrigerated. Concentrations
of radiochemicals required for each adherence assay vary
and are detailed in Section 3.
3. Yeast strains. For most assays, several yeast species and
strains, including laboratory strains as well as clinical isolates, have been used successfully. The most commonly used
strain in our laboratory is C. albicans ATCC 10261 (American Type Culture Collection, Manassas, VA). The materials
and methods described are applicable for other yeast species.
4. Media and buffers. All media and buffers are made with
water purified by reverse osmosis with a resistivity of
10–15 M!cm.
5. Yeast culture media: (a) Yeast extract peptone dextrose
(YEPD) liquid medium is used to prepare the strains for
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storage and contains per liter: 10 g yeast extract (BD), 20 g
bacto peptone (BD), and 20 g glucose (final concentration
111 mM). For agar plates, 20 g agar (Danisco NZ Ltd, East
Tamaki, NZ) is added; (b) Glucose salts biotin (GSB) liquid
medium is used to prepare inocula and contains per liter: 1 g
(NH4 )2 SO4 (7.57 mM), 2 g KH2 PO4 (14.7 mM), 50 mg
MgSO4 ·7H2 O (0.2 mM), 50 mg CaCl2 ·2H2 O (0.34 mM),
0.05 mg biotin, and 20 g glucose (111 mM) (see Note 4).
6. Bacterial strains. For the assays described, we used
S. epidermidis strains ATCC 12228, ATCC 14990, and
ATCC 49134 and clinical isolates from the oro-nasal cavity
of an individual following a maxillary resection. However,
we have successfully used strains of other bacterial species,
such as Staphylococcus aureus and various oral streptococcal
species, in similar adhesion assays and the method of radiolabeling the bacterial cells is the same.
7. Bacterial culture medium: (a) Brain heart infusion–yeast
extract (BHY) liquid medium contains per liter: 37 g brain
heart infusion (BD) and 5 g yeast extract (BD); (b) Tryptone yeast extract (TY) medium: dissolve the following in
987.5 mL water, 5 g tryptone (BD), 5 g yeast extract, 4 g
K2 HPO4 , autoclave, then add 12.5 mL filter sterilized 40%
(w/v) glucose (final concentrations in medium: K2 HPO4 ,
23 mM; glucose, 27.8 mM); (c) TY-B consists of sterile TY
and BHY mixed aseptically 20:1 (v/v).
2.2. Blot Overlay
Assay to
Demonstrate
Adhesion of Yeast
Cells to Immobilized
Proteins

1. Equipment (additional to usual laboratory equipment) that
may be required: polyacrylamide gel electrophoresis (PAGE)
apparatus and electro-transfer (Western blotting) apparatus
(see Note 5); end-over-end mixer; access to dark room facilities and photographic equipment and chemicals.
2. Yeast strains and media: C. albicans ATCC 10261 is grown
in GSB and labeled with 35 S-methionine as described in
Section 3.1.
3. PAGE separation of proteins: materials required include
(i) Separating buffer: 18.2 g Tris (final concentration 1.5 M),
0.4 g SDS (final concentration 14 mM) per 100 mL water,
adjust to pH 8.8 with HCl. Filter solution through Whatman No. 1 paper and store at 4◦ C; (ii) Stacking buffer:
6.1 g Tris (final concentration 0.5 M), 0.4 g SDS (final
concentration 14 mM) in 100 mL water; adjust pH to
6.8 with HCl; filter solution through Whatman No. 1
paper and store at 4◦ C; (iii) Acrylamide–bis solution (40%,
37.5:1; Bio-Rad, Hercules, CA) (hazard – see Note 6)
(iv) Tetramethylethylenediamine (TEMED; Bio-Rad); (v)
10% ammonium persulfate (see Note 7); (vi) Loading dye
(contains in 10 mL: 50 mg bromophenol blue, 3 mL water,
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10 µL 1 M NaOH, and 7 mL glycerol); (vii) Sample buffer
(10 mL stock contains 2.5 mL stacking gel buffer, 0.2 mL
2-mercaptoethanol, 1 mL 20% (w/v) SDS, and 6.3 mL
water) store as frozen aliquots; (viii) Bradford protein assay
kit (Bio-Rad); (ix) Pre-stained protein markers (see Note
8) of size range appropriate for proteins to be separated
(Invitrogen, Carlsbad, CA, USA); (x) Electrophoresis running buffer (contains per liter: 14.4 g glycine (192 mM),
3.03 g Tris (25 mM); 1 g SDS (3.5 mM)); (xi) Coomassie
Blue protein stain contains per liter: 0.2 g Coomassie Blue
R250, 400 mL methanol, 500 mL water, and 100 mL glacial
acetic acid; (xii) Destain solution contains per liter: 200 mL
methanol, 700 mL water, 100 mL glacial acetic acid.
4. Electroblotting of PAGE-separated proteins and blot overlay: materials required include (i) Nitrocellulose membrane
(Hybond ECL, GE Healthcare UK Ltd); (ii) 3MM chromatography paper (Whatman); (iii) Transfer buffer, contains
per liter: 3.03 g Tris (25 mM), 14.4 g glycine (192 mM),
200 mL methanol (20% v/v) (see Note 9); (iv) KCl buffer
(1 L) made up of solution A containing in 800 mL water:
0.27 g KH2 PO4 (final concentration in complete buffer
2 mM), 0.46 g K2 HPO4 (final concentration in complete
buffer 2.6 mM), 0.373 g KCl (final concentration in complete buffer 5 mM), pH 6.5, and solution B containing
0.15 g CaCl2 ·2H2 O (final concentration in complete buffer
1 mM) in 200 mL water; solutions A and B are autoclaved separately before mixing to prevent precipitation;
(v) Blocking buffer: 5% (w/v) bovine serum albumin
(BSA, Sigma-Aldrich, St Louis, MO, USA) in KCl buffer;
(vi) Blot-staining solution: 0.2% Ponceau S in 1% (v/v)
acetic acid; (vii) Phosphate-buffered saline (PBS) contains
per liter: 8.5 g NaCl (145.5 mM), 0.3 g KH2 PO4 (2.2 mM),
0.6 g Na2 HPO4 (4.2 mM), pH 7.5; (viii) Tween 20
(Bio-Rad).
5. Detection of radioactivity by autoradiography: Dried membranes are incubated with X-ray film (e.g., Amersham
Hyperfilm βmax or similar film sensitive to 35 S radiation).
2.3. Adhesion
of C. albicans Cells
to Saliva-Coated
Hydroxyapatite

1. Equipment (additional to usual laboratory equipment) that
may be required: scintillation counter with microfuge tube
capability.
2. Yeast strains and media: C. albicans ATCC 10261 is grown
in GSB and labeled with 35 S-methionine as described in
Section 3.1.
3. Buffers: KCl buffer (see Step 4 (iv) of Section 2.2 above).
4. Saliva: whole saliva (approximately 10 mL, unstimulated) is
collected on ice from five donors and an equal amount from
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each donor is pooled. The pooled saliva sample is clarified
by centrifugation at 12,000g for 15 min and the supernatant
is mixed with an equal volume of KCl buffer. Proteinase
inhibitors are added (use a commercially available cocktail
such as SigmaFAST: Sigma Aldrich). Care – infectious disease hazard, take standard precautions for handling and disposal of human biological material.
5. Hydroxyapatite beads: Portions (12 mg) of hydroxyapatite
beads (Macro-Prep Ceramic Hydroxyapatite Type I, 80 µm,
Bio-Rad) are hydrated prior to use in the adhesion
assay by static incubation in 1.5 mL microfuge tubes in
0.5 mL KCl buffer at 4◦ C for 16 h.
6. Scintillation fluid (for example, Optiphase 3, PerkinElmer).
2.4. Adhesion
of Saliva-Treated
C. albicans Cells
to Epithelial Cells

1. Equipment (additional to usual laboratory equipment) that
may be required: biohazard hood with sterile air flow;
inverted microscope; hemocytometer; CO2 incubator; confocal microscope (see Note 10); 12-channel multichannel
pipette; scintillation counter with a microplate capability.
2. Yeast strains and media: C. albicans ATCC 10261 is grown
in GSB and labeled with 35 S-methionine as described in
Section 3.1.
3. Epithelial cells and culture media: human epithelial cell lines
HEp-2 and A549 were obtained from the European Collection of Cell Cultures, Centre for Applied Microbiological Research, Salisbury, UK. Cells are grown in Eagles
MEM medium (Invitrogen) supplemented with 10% fetal
calf serum (FCS; Invitrogen) and 1% glutamine (recently
thawed commercially available solution: 200 mM, Sigma
Aldrich, stored at –20◦ C as 100× stock). Confluent cells
are prepared for subculture with trypsin–EDTA (commercially available solution containing 0.05% Trypsin 0.53 mM
EDTA, Invitrogen, stored at –20◦ C).
4. Saliva samples are prepared as described above (Step 4 of
Section 2.3).
5. Sterile tissue culture flasks for tissue culture maintenance:
NunclonTM cell culture flasks, area 80 cm2 (Nunc, Thermo
Fisher Scientific, Roskilde, Denmark).
6. Sterile 96-well flat bottom microtiter culture plates with lids
for adherence assays with radiolabeled cells (Nunc).
7. Sterile 24-well flat bottom culture plates with lids (Nunc) for
confocal microscopy with fluorescein isothiocyanate (FITC)labeled cells.
8. Buffers: (i) Artificial saliva buffer (ASB) constituted to mimic
the ionic composition of saliva contained per liter: 1.36 g
KH2 PO4 (10 mM); 0.29 g CaCl2 ·2H2 O (2 mM); 1.36 g
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KCl (18.2 mM); 0.028 g NaSCN (0.35 mM); 0.63 mg NaF
(15 µM); 2.18 g NaHCO3 (26 mM; pH 6.5); and glucose
(1 g (5.6 mM)); (ii) PBS (see Step 4 (vii) of Section 2.2);
(iii) carbonate/bicarbonate buffer pH 9.5 (contains per liter:
3.18 g Na2 CO3 (30 mM), 5.88 g NaHCO3 (70 mM) [see
Note 11]).
9. Scintillation fluid.
2.5. Adhesion
of C. albicans
or S. epidermidis
Cells to SalivaCoated Medical
Grade Silicone
or to Denture
Prosthetic Materials

1. Equipment (additional to usual laboratory equipment) that
may be required: scintillation counter with a microfuge tube
capability; microtome.
2. Yeast strains and media: C. albicans ATCC 10261 is grown
in GSB and labeled with 35 S-methionine as described in
Section 3.1.
3. Bacterial strains and medium: S. epidermidis is grown in
TY-B and radiolabeled with 3 H-thymidine as described in
Section 3.1.
4. Silicone: Medical grade silicone is cut from standard, single consistency silicone blocks (Silimed Silastic, InterMed
Medical Ltd, Auckland, NZ) into 3 cm × 3 cm × 1 cm
blocks which are fixed onto plastic tissue embedding cassettes (Tissue-Tek Uni-Cassette, Sakura Finetek USA, Inc.,
R
Torrance, CA, USA) using Araldite!
Ultra Clear epoxy
adhesive (Selleys Pty. Ltd, Padstow, NSW, Australia). The
fixed silicone block is sliced (1 cm × 3 cm) to a thickness
of 300 µm using a microtome. The silicone slices are then
cut by hand with sharp blade to make three 1 cm × 1 cm ×
300 µm coupons from each slice (see Note 12).
5. Denture prosthetic materials: commonly used denture prosthetic materials, which are also used to make interim
and final obturator denture prostheses, have been tested
in our laboratory using this assay. They include heatpolymerized polymethyl methacrylate (Vertex Regular and
Vertex Implacryl, Vertex Dental, Zeist, The Netherlands);
chair-side cold-cure polymethyl methacrylate (Kooliner, GC
America, Inc., Illinois, USA; Vertex Castapress, Vertex
Dental; and New Rimseal, Bosworth Company, Illinois,
USA); tissue conditioners (Viscogel, Dentsply; Softliner,
GC America, Inc.,); silicone-based chair-side lining material
(Silagum, DMG, Hamburg, Germany); and laboratory polymerized silicone (Molloplast-B, Bolton Dental Manufacturing, Ontario, Canada). Circular coupons of these materials
are made using a gypsum mold with 20 patterns measuring
5 mm diameter × 2 mm thick. Where appropriate, the materials are polymerized in the molds according to the manufacturer’s recommendations. After removal of the coupons
from the gypsum mold, excess material is removed using a
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laboratory handpiece (KaVo EWL K9, KaVo Dental GmbH,
Biberach, Germany) and a tapered carbide bur (GEBR Brasseler GmbH & Co KG, Lemgo, Germany) prior to adhesion
testing.
6. Saliva and “saliva wash”: Saliva is prepared as described in
Step 4 of Section 2.3; saliva wash (see Note 13) is prepared
by rinsing the mouth for 30 s with food grade water (20 mL)
before collection into a 50 mL Falcon tube.
7. Scintillation fluid.
2.6. Adhesion of
S. epidermidis Cells
to Denture Prosthetic
Materials Under Flow
Conditions

1. Equipment (additional to usual laboratory equipment) that
may be required: parallel plate flow chamber and inverted
phase-contrast microscope (see Notes 14 and 15).
2. Bacterial strain: see Step 6 of Section 2.1.
3. Flow adhesion buffer (FAB) contains per liter: 3.73 g KCl
(50 mM), 0.17 g K2 HPO4 (1.0 mM), 0.14 g KH2 PO4
(1.0 mM), 0.14 g CaCl2 (anhydrous) (1.26 mM); pH 6.8.
4. Gypsum molds.
5. Standard glass microscope slides (75 mm × 25 mm ×
1 mm and 75 mm × 25 mm × 0.8 mm).
6. Vaseline.

7. Dental yellow stone.
8. Dual-channel variable speed pump (Monostat Vera
varistatic pump, Cole-Parmer, Vernon Hills, IL, USA).
9. Tubing, 0.89 mm diameter (platinum-cured silicone tubing, Cole-Parmer).
10. Digital SLR camera (Nikon D70s digital SLR camera,
Nikon Corporation, Tokyo, Japan) with microscope
mountings.
11. Image analysis software, Fovea Pro 4 (Reindeer Graphics,
Inc., Asheville, NC, USA) which operates in the Photoshop
CS2 environment on Apple computers.

3. Methods
3.1. Radiolabeling of
Yeast and Bacterial
Cells and Cell Culture

3.1.1. To Prepare
Inocula for Pre-culture
of Yeast or Bacteria

!

Yeast and bacteria for use in adhesion experiments are conveniently stored as glycerol stocks at –80◦ C. These cells can then
be used to inoculate medium for growth of cells and for subsequent radiolabeling.
1. Yeast cells are streaked on YPD agar plates and incubated
at 30◦ C for 24 h. Bacterial cells are streaked on BHY agar
plates and incubated in an anaerobic jar at 37◦ C for 24 h.
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2. Cells are removed from the surfaces of the YPD or BHY
agar plates and resuspended in YPD or BHY containing
15% (w/v) glycerol (approximately 1 mL which will provide
enough inoculum for at least 20 experiments), respectively,
and stored at –80◦ C in 50 µL volumes in microfuge tubes.
3. Yeast inocula are tested by inoculating 50 mL GSB or YPD
in 250 mL sterile conical flasks with 5–10 µL inoculum
(diluted in sterile medium if required) and measuring the
growth of cells (optical density at 540 nm [OD540 ] using
a pre-calibrated spectrophotometer (see Note 16)) during
incubation at 30◦ C with shaking (200 rpm).
4. The inoculum volume used can be adjusted to get the
required level of growth in a certain volume of medium after
a particular incubation period.
5. Bacterial inocula are tested by inoculating 1.5 mL BHY in
a microfuge tube with 1–5 µL inoculum (diluted in sterile
medium if required) and measuring the growth of cells (optical density at 600 nm [OD600 ]) during static incubation at
37◦ C.
6. The inoculum volume used can be adjusted to get the
required level of growth in a certain volume of medium after
a particular incubation period.
3.1.2. Preparation
of C. albicans
Cells Radioactively
Labeled with
35 S-Methionine

1. Cell cultures (50 mL, in 250 mL flask) are inoculated and
grown in GSB at 30◦ C with shaking for approximately 16 h
to a cell concentration of approximately 2.0 × 106 cells
per mL, as determined by measurement of OD540 using a
spectrophotometer and reference to a standard curve (see
Note 17).
2.

35 S-methionine

(2 µL, 20 µCi; 1,175 Ci/mmol; see Note
18) is added to the flask which is incubated at 30◦ C with
shaking for a further 2 h to allow incorporation of the radiolabel into the cells.

3. The cells are harvested by centrifugation (1,500g, 5 min)
washed twice in 10 mL of adhesion assay buffer (e.g., KCl
buffer) by centrifugation and following a determination of
cell concentration by measuring the OD540 of a suitable
dilution of cells, the cells are resuspended to the final cell
concentration specified for the particular assay.
3.1.3. Preparation of
S. epidermidis Cells
Radioactively Labeled
with 3 H-Thymidine

!

1. Cell cultures (3 mL; two full microfuge tubes) are grown
at 37◦ C for 16 h in TY medium containing [methyl-3 H]thymidine (10 µL, 10 µCi, 85 Ci/mmol, added to each
tube).
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2. Cells are harvested by centrifugation (4,000g, 5 min) and
washed twice in KCl buffer by centrifugation before resuspending at the final cell concentration specified for the
particular assay (determined by OD600 measurement, as
described above for yeast cells).
3.2. Blot Overlay
Assay to Investigate
Adhesion of Yeast
Cells to Immobilized
Proteins

3.2.1. SDS-PAGE
Analysis

In this assay, the protein to which adherence is to be determined
(for example, a protein present in human saliva, see Note 19) is
first subjected to PAGE separation, before electroblotting onto
a nitrocellulose membrane which is then incubated with radiolabeled yeast cells. The protein bands to which the radiolabeled
yeast have adhered are detected by autoradiography.
1. Set up two SDS-PAGE gels using separating gels with an
acrylamide concentration appropriate for the size of the protein to be detected (for example, for binding of C. albicans
yeast cells to salivary proline-rich proteins, 10% gels are prepared).
2. The saliva or saliva rinse samples are diluted 50% with SDSPAGE sample buffer and heated (80◦ C, 10 min) before loading onto the replicate gels (usually 15 µg total protein per
lane, see Note 20). On each gel, load protein standards
(5 µL) so that the molecular weight of separated proteins
can be estimated.
3. The gels are placed in the apparatus (in the Bio-Rad apparatus the two gels are run back to back), submerged in running
buffer, and subjected to direct current at a fixed voltage of
100 mV (10 mV/cm) (care – dangerous voltage, always disconnect power before disassembling apparatus) for approximately 90 min (until the blue dye front has reached the
bottom of the gel).
4. Both gels are removed from the apparatus; one gel is stained
to show the positions of the individual protein bands and the
replicate gel is used for electroblotting.
5. Gel staining: one of several techniques can be applied
depending on the expected concentration of the particular
proteins in the sample. We describe here Coomassie Blue
staining which is usually sufficiently sensitive. The gel is submerged in the stain solution and incubated at room temperature in a closed box with gentle agitation for at least 1 h
(and up to 16 h if evaporation is prevented) and then developed by incubation at room temperature in destain solution
with gentle agitation for 30–60 min or longer if required (see
Note 21).
6. Gel-banding patterns are recorded by photography on
a light box and protein bands can be quantified using
commercially available computer programs or freely available
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software such as NIH Image J (http://rsb.info.nih.gov/ij/
index.html).
3.2.2. Electroblotting

1. Blotting is best done with a freshly run gel.
2. Pre-wet the cassette sponge pads, two pieces of 3MM chromatography paper, and the nitrocellulose membrane (cut to
the same size as the gel) with transfer buffer.
3. Carefully use one piece of pre-wetted 3MM paper to remove
the gel from the glass plate of the PAGE apparatus and
place on top of one pre-wetted sponge pad and assemble
the “sandwich” within the cassette in the following order:
sponge pad, 3MM paper, gel, nitrocellulose, 3MM paper,
and second sponge pad, and place in the electroblot apparatus and cover with transfer buffer.
4. The apparatus usually has an ice-pack in the tank and is run
below 10◦ C (for example, in a cold room or refrigerated
cabinet).
5. Voltage applied is usually 100 mV (10 mV/cm) for 90 min,
but conditions can be varied for different sized proteins
(longer for larger proteins which do not transfer easily; see
Note 22).
6. Dismantle blotting apparatus and peel blot away from gel
(the pre-stained markers allow visual confirmation of transfer) and store the blot between blotting paper or similar at
4◦ C until needed.

3.2.3. Radiolabeled
Yeast Overlay

1. Block non-specific protein-binding sites on the nitrocellulose membrane by incubating it with BSA (5% w/v) in KCl
buffer for 2 h at room temperature with reciprocal shaking
(50–60/min). Dimensions of a suitable container (plastic or
glass) should be sufficient in cross section to fit the blot with
a space of approximately 1 cm around it and with a depth of
5–7 cm.
2. Remove the blocking solution, wash the blot with 50 mL
KCl buffer, and submerge the blot in KCl buffer (30 mL)
containing radiolabeled yeast cells at 1.1 × 107 cells/mL.
3. Incubate at 4◦ C with reciprocal shaking (50–60/min) for
16 h.

4. Remove yeast suspension (Care – radioactive material –
dispose of according to appropriate regulations) and wash
membrane four times (1 min) with PBS containing 0.1%
(v/v) Tween 20 (40 mL) with gentle side-to-side manual
agitation.
5. Remove blot with tweezers and air-dry on blotting paper
prior to exposure to X-ray film. An example of an overlay
blot is given in Fig. 8.1.
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Fig. 8.1. Representative blot overlay assay autoradiogram showing adhesion of
35 S-methionine-radiolabeled C. albicans ATCC 10261 cells to PAGE-separated saliva
samples. Samples were separated on a 10% polyacrylamide gel and electroblotted onto
nitrocellulose before incubation with radiolabeled yeast cells and autoradiography. Lane
1, whole saliva; lane 2, sample extracted from saliva-coated dental acrylic; lane 3, control sample from untreated dental acrylic. Arrows (lane 1) indicate four components of
whole saliva to which C. albicans adheres that have been identified as salivary basic
proline-rich proteins (PRPs) (9). It can be seen that these proteins are not present in the
sample of salivary pellicle from dental acrylic (lane 2).

3.3. Adhesion of
C. albicans Cells to
Saliva-Coated
Hydroxyapatite

In this assay, hydroxyapatite beads are used as a model of the
tooth surface, which is always coated in saliva (even after tooth
cleaning procedures the tooth surface is rapidly coated with a salivary pellicle (13)).
1. Beads, prepared as described in Section 2.3, are incubated
with 1 mL KCl buffer containing 0.1% (w/v) BSA with endover-end mixing at 22◦ C for 1 h in order to block sites which
bind proteins non-specifically.
2. The beads are then washed once with KCl buffer (1 mL)
and then 0.9 mL KCl buffer and 0.1 mL radiolabeled cells
(3.0 × 107 cells/mL in KCl buffer) are added to each tube.
3. The tubes are incubated at 22◦ C with end-over-end mixing
for 90 min.

4. The liquid containing unattached cells is aspirated (Care –
radioactive material – dispose of according to appropriate
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regulations) and the beads are washed three times with KCl
buffer (1 mL).
5. Scintillation fluid (1 mL) is added to the tubes and beadassociated radioactivity measured (see Note 23).
3.4. Adhesion of
Saliva-Treated
C. albicans Cells to
Epithelial Cells

3.4.1. Epithelial Cell
Monolayers

In this assay, monolayers of cultured epithelial cells are used in a
model of C. albicans adherence to human mucosal surfaces. We
have used cell lines from culture collections rather than primary
cell cultures (for example, of oral epithelial cells) but the methods
described could be applied to primary cell monolayers. In order to
mimic intra-oral conditions, yeast cells are pre-treated with saliva
before measuring adherence to the epithelial monolayers. Standard 96-well microtiter well culture plates are used for adherence assays using radiolabeled cells, and 24-well culture plates
containing sterile glass coverslips are used for confocal microscopy
analysis of adherence.
1. Cultures are passaged using standard aseptic techniques in
a biological safety cabinet and maintained in tissue culture
flasks at 37◦ C in an atmosphere of 5% CO2 . Flasks contain
30–50 mL medium.
2. Cells are subcultured when confluent, as observed using an
inverted microscope (every 2–3 days). Confluent monolayers are treated with trypsin/EDTA (4 mL) until the cells
start to lift off the flask surface (2–5 min in the CO2 incubator). The cells are resuspended in complete MEM (10 mL),
centrifuged, and then resuspended in 5 mL complete MEM,
before the cell concentration is measured by counting in a
hemocytometer.
3. For adherence or confocal assays, a cell suspension is diluted
to approximately 2 × 105 cells/mL in complete MEM, and
100 or 500 µL is seeded in wells of the 96- or 24-well
plates, respectively (13 mm diameter sterile coverslips are
first added to the 24-well plates) (see Note 24). The plates
are incubated at 37◦ C in a 5% CO2 atmosphere for 24 h
to allow the formation of confluent monolayers, which are
washed once with ASB (100 µL) before addition of ASB (50
or 250 µL to 96- or 24-well plates, respectively) and yeast
cells (50 or 250 µL, respectively).

3.4.2. Adherence Assay
Conditions

1. Washed radiolabeled C. albicans cells (2.2 × 106 cells/mL;
1.0 mL in microfuge tubes) are pre-treated with saliva
(diluted 20–60% in ASB) at room temperature for 1 h with
end-over-end mixing.
2. Cells are washed three times in ASB and 50 µL added to
quadruplicate wells in 96-well microtiter plates containing
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epithelial cell monolayers in 50 µL ASB (final volume of
100 µL per well, 1 × 106 yeast cells).

3. The plates are incubated at 37◦ C in an atmosphere of 5%
CO2 for 1.5 h. The liquid in the wells is then aspirated and
the monolayers washed three times (see Note 25) with prewarmed PBS (100 µL) before air-drying and addition of
100 µL Optiphase 3 scintillation fluid.

4. Determine bound radioactivity, and hence number of bound
C. albicans cells, in each well by scintillation detection as
above.
3.4.3. Confocal
Microscopy

1. Yeast cells grown as for radiolabeling (but without addition
of 35 S-methionine) are washed in water and resuspended
(2.2 × 106 cells/mL; 10 mL) in carbonate/bicarbonate
buffer pH 9.5 in a universal bottle wrapped in foil to exclude
light.
2. Freshly weighed FITC powder (1 mg) is added and the cell
suspension stirred for 1 h.
3. Cells are washed three times in ASB and 250 µL volumes
incubated with epithelial cell monolayers in wells of 24-well
plates at 37◦ C in an atmosphere of 5% CO2 for 1.5 h.
4. The monolayers are washed three times with pre-warmed
PBS and inverted onto a drop of PBS on a glass microscope
slide for confocal microscopy (plates and slides are protected
from light as much as possible). Confocal settings: FITC
excitation is at 494 nm and emission is at 520 nm.
5. An example of C. albicans cells adhering to human epithelial
cells is given in Fig. 8.2.

3.5. Adhesion
of C. albicans
or S. epidermidis
Cells to SalivaCoated Medical
Grade Silicone
or to Denture
Prosthetic Materials

These assays that model the initial adherence of microbial cells
to voice or dental prostheses use a similar approach for each of
the materials used (adhesion under non-flow, static, conditions).
Small rectangular slices (coupons) of medical grade silicone, or
small molded pieces of denture prosthetic material, are incubated
with radiolabeled yeast or bacterial cells in microfuge tubes. We
pre-treat the materials with saliva or saliva wash to mimic in vivo
conditions.
1. Individual silicone or dental material coupons, prepared as
described in Section 2.5, are incubated in triplicate in glass
tubes (of a diameter such that both faces of the coupon
are exposed and the coupon is submerged completely) with
1.0 mL of saliva (or saliva wash or control solutions) with
gentle agitation at room temperature for 2 h.
2. Coupons are then washed three times with KCl buffer
(1.0 mL) and transferred to a microfuge tube (again such
that both faces of the coupons are exposed and submerged)
containing 0.9 mL KCl.

!

294!

Adhesion of Yeast and Bacteria to Oral Surfaces
Ca

Ca
A

117

Ep

B

Fig. 8.2. Confocal microscopy (split field) showing adhesion of C. albicans ATCC 10261
yeast cells to a monolayer of cultured epithelial cells (HET1-A cell line kindly provided
by Dr C.C. Harris, Laboratory of Human Carcinogenesis, NCI, NIH, Bethesda, MD). Yeast
cells were labeled with FITC, washed, and incubated with confluent monolayers on glass
coverslips in 24-well plates, before washing and mounting on glass slides for confocal
microscopy. a: fluorescence micrograph showing bound yeast cells (bar = 25 µm);
b: same field of view by phase-contrast microscopy showing both epithelial (Ep) and
C. albicans (Ca) cells.

3. To each tube, 35 S-methionine radiolabeled yeast cells
(0.1 mL, 1.1 × 106 cells) or 3 H-thymidine radiolabeled bacterial cells are added (0.1 mL, 1.1 × 106 cells) and the tubes
are incubated end over end at room temperature for 2 h (see
Note 26).
4. Coupons are washed (1 mL KCl, × 3) then transferred
to a fresh microfuge tube containing 1.0 mL scintillant
and radioactivity measured (see Note 23). An example of
C. albicans adhesion to polymethyl methacrylate is given in
Fig. 8.3.

!

3.6. Adhesion of
S. epidermidis to
Denture Prosthetic
Materials Under Flow
Conditions

Parallel plate flow chambers are used in dynamic studies of cell
adhesion under well-defined shear forces (7) and the apparatus
was adapted for the investigation of adherence of bacteria to the
denture materials listed in Section 2.5. These materials were individually constructed as there is no commercial source for premade materials in the dimensions required.

3.6.1. Bacteria:
(S. epidermidis)

Bacteria are grown in BHY (50 mL in 50 mL bottle) without
added radiolabel at 37◦ C for 18 h and washed twice in FAB before
resuspending cells to a concentration of 3 × 108 cells/mL, prior
to circulation through the flow chamber.

3.6.2. Preparation of
Denture Prosthetic
Material Surfaces

A thin film of each material is manufactured and attached to
a glass microscope slide using a gypsum mold and the denture
flasking and pressing method (14).
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Fig. 8.3. Adhesion of 35 S-methionine-radiolabeled C. albicans ATCC 10261 cells to dental acrylic (Rimseal, polymethyl methacrylate) showing saturation of binding sites with
an increasing number of cells added to the assay. Radiolabeled cells, 1.0 mL at different
concentrations in KCl, were incubated end over end with coupons of dental acrylic that
had been pre-treated with saliva (50% in KCl buffer for 2 h) in microfuge tubes at room
temperature for 2 h. Coupons were washed and placed in fresh tubes containing scintillant before determination of coupon-associated radioactivity by scintillation counting.
The numbers of cells bound were calculated from a standard curve. Results shown
are the means ± SE of quadruplicate determinations from a representative experiment
repeated twice.

1. The 75 mm × 25 mm × 1 mm glass slides are flasked in
denture flasks in gypsum. In the lower denture flask, a microscope slide is placed flat and embedded in the gypsum.
2. Once the gypsum is set a second slide is placed on top of the
embedded slide and stuck down with a small amount of wax.
A thin layer of vaseline is applied to the surface of the stone
to allow easy separation of the flasks.
3. The denture flask is then topped with yellow stone and left
to set. Once the stone is set, the flasks are separated, giving
flask halves with microscope slides embedded in the lower
and opposing upper segments of the flasks which are the
gently scrubbed with dishwashing liquid and boiling water
to clean the microscope slides and remove the vaseline.
4. The glass slide in the lower flask is removed and replaced
with a glass microscope slide measuring 75 mm × 25 mm ×
0.8 mm. The slides are then dried and separating fluid
applied to the stone surface surrounding the microscope
slides for easy separation after processing.
3.6.3. Parallel Plate Flow
Chamber Setup

!

1. The parallel plate flow chamber is mounted on the microscope stage.
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2. Prior to adhesion testing, the parallel plate flow chamber
plates are cleaned with a commercially available disinfectant (Virkon, DuPont, Wilmington, DE, USA), rinsed thoroughly with water, then ethanol, and finally demineralized
water.
3. The glass plate and the denture prosthetic material plate are
placed in the flow chamber.
4. Laminar fluid flow is achieved in the middle of the flow
chamber by the slope of the inlet and outlet channels of the
flow chamber.
5. With this system it is possible to directly monitor with a
microscope, in real time, the initial adhesion of bacteria to
the bottom, denture material, plate in a field of view of
0.5 mm.
3.6.4. Bacterial
Deposition

1. Initially, FAB is re-circulated using a dual-channel variablespeed pump which re-circulates the bacterial and/or yeast
suspension through 0.89 mm diameter tubing at a rate of
0.9 mL/min for 15 min.
2. FAB containing the bacterial suspension is then re-circulated
through the flow chamber for 2 h enabling bacteria to
adhere to the denture material. Photographic images of the
center region of the substratum are taken every minute to
measure adherence to the denture material. An example of
S. epidermidis adhesion to polymethyl methacrylate with
time is shown in Fig. 8.4.
3. After 2 h, flow is switched to buffer only for 30 min to
remove non-adhering bacteria, with continued photography each minute. The chamber is then drained thus passing
an air–liquid interface over the substratum surface and the
adhering microorganisms.
4. Pre- and post-drainage images are compared to determine
the number of bacteria that are detached by the surface tension force resulting from the passage of an air–liquid interface.
5. All experiments are performed at room temperature in triplicate with separate bacterial cultures.
6. To determine the influence of saliva on the rate of adhesion,
the denture prosthetic material slide is incubated in clarified
whole saliva (see Step 4 of Section 2.3) diluted 50% in KCl
buffer for 2 h prior to mounting in the flow chamber.
7. The number of microorganisms adhering to the bottom
plate of the flow chamber in the digital photographs is
measured using image analysis software. The images of
the adhering bacteria are discriminated from the substratum background by a single grey-value threshold yielding
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Fig. 8.4. Images showing the adhesion over time (three time points shown) of S. epidermidis cells to dental acrylic (heat-processed polymethyl methacrylate) in a parallel
plate flow chamber.

a binary black and white image and the number of adhering bacteria in each image is counted using the software.
The deposition rate is calculated based on the number of
microorganisms adhering per unit time and area.
8. Control experiments are conducted with bacteria adhering
to bare glass. All adhesion experiments are done in triplicate
with freshly cultured bacteria.

4. Notes
1. Scintillation counter: we use a 1450 MicroBeta TriLux
Scintillation counter (LKB, Wallac Oy, Turku, Finland).
2. Safe handling of radioactive materials is very important.
The radioactive isotopes used in the assays described
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(35 S and 3 H) do not produce penetrating radiation and
can be handled in a normal laboratory as long as the
appropriate regulatory body requirements are met. The
principal hazard is ingestion and therefore avoidance of
skin contact is the most important safety step – use double gloves and appropriate personal protective equipment
including gown and face shield. When first opening a vial
of 35 S-methionine open it in a fume hood in case there is
some release of volatile radioactive material.
3. Incorporation of the radiolabel into microbial cells: we have
conducted experiments that have shown that the incorporation of radiolabeled methionine or thymidine into yeast
or bacterial cells, respectively, is stable under the experimental conditions used and that negligible radiolabel is lost
from cells during the experiments. The specific radioactivity
of the cells can be calculated by measuring the radioactivity
of known numbers of cells. In our experiments the radiolabeled yeast cells had a mean activity of 32 ± 18 cells/cpm
and 18 ± 7 cells/cpm for bacteria.

4. GSB medium can be conveniently made up from concentrated stocks of solutions stored at 4◦ C. For example,
a 5× stock of the salts solution and a 1,000× stock of
biotin can be diluted as required and glucose added at
the required concentration before autoclaving in a suitable culture or storage vessel. Although biotin is a vitamin
and can be unstable at high temperatures, sufficient functional biotin is retained after autoclaving to support yeast
growth.
5. The equipment required for electrophoresis and blotting is
commercially available; for electrophoresis we use a miniPROTEAN apparatus (Bio-Rad) and for electroblotting a
Mini Trans-Blot Cell (Bio-Rad). Direct current is supplied
by a PowerPac Basic Power Supply (Bio-Rad).
6. Acrylamides are neurotoxins – handle with care. Purchase
ready-made solutions rather than making stock solutions to
avoid weighing solid acrylamide. Wear gloves for all stages
of gel preparation.
7. Ammonium persulfate (10% w/v) keeps for several weeks
at 4◦ C. Best practice is to store it frozen in small aliquots
(approx 0.5 mL) which can be thawed as required.
8. Pre-stained markers are useful for checking success of protein transfer during electroblotting and also for orientation
of blots following development of the overlay autoradiograph.
9. Transfer buffer: always dissolve the Tris and glycine in water
(approximately 600 mL) before adding the methanol and
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making up to volume (adding methanol first gives an insoluble precipitate).
10. Confocal microscope: We used a Bio-Rad MRC-600 (BioRad Microscience Ltd, Hemel Hempstead, UK) with a
krypton/argon laser (which produced excitation lines at
488, 568, and 647 nm) and a Nikon Diaphot inverted
microscope (Nikon Instruments, Inc., Melville, NY).
11. Carbonate/bicarbonate buffer: prepare as two solutions
(each of 0.1 M) – can be mixed in different ratios to give a
range of pH values.
12. Place silicone slice on clear smooth surface (e.g., plastic
Petri dish) over a ruled template so that the correct size
can be cut.
13. Saliva wash samples are used rather than saliva for individuals (for example, voice prosthesis patients who have had
head and neck radiotherapy) with poor saliva flow and/or
saliva with high mucin content. Such “wash” samples are
much simpler to handle in the laboratory and we have
still been able to detect in them saliva proteins involved
in adherence.
14. Parallel plate flow chamber: the parallel plate flow chamber
is commercially available (Glycotech, Rockville, MA, USA)
and is constructed from stainless steel (dimensions: l × w ×
h = 200 mm × 42 mm × 10 mm) and contains two glass
plates (dimensions l × w × h 76 mm × 26 mm × 1 mm),
separated by 0.6 mm using a Teflon spacer, that constitute
the top and bottom plates of the chamber.
15. We used an Olympus IMT-2 inverted phase contrast
microscope, Olympus Corporation, Tokyo, Japan, with
an ultra-long working distance 40× objective (Olympus
ULWD-CD Plan 40) for observation of bacteria, and a
10× objective (Olympus SPlan 10) to observe yeast.
16. We use a Shimadzu spectrophotometer at OD540 for yeast
cells and OD600 for bacterial cells.
17. We construct a standard curve relating OD540 values to
C. albicans cells per milliliter by measuring the OD540
with a spectrophotometer and measuring the cell concentration for an appropriate dilution of the same culture with
a hemocytometer.
18. The half-life of 35 S is approximately 3 months. With preparations of methionine that have been stored for periods
longer than a few weeks, the amount of radiolabel added
can be increased to 4 or 5 µL.
19. We have used the same technique to demonstrate
adhesion of C. albicans to various proteins, including
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recombinant proteins that have been cloned and expressed
in Escherichia coli. The technique was first developed
to demonstrate the adherence of C. albicans to salivary
proline-rich proteins (9).
20. Total protein is estimated using a Bradford protein assay kit
(Bio-Rad).
21. Destaining Coomassie-stained PAGE gels: a small pad
of sponge material (for example, from packing material)
added to the destain with the gel helps to remove background stain from the gel.
22. Care must be taken when electroblotting small proteins
as they may transfer rapidly and can be lost through the
nitrocellulose if electroblotting is continued for too long.
Conversely large proteins may not transfer well and require
prolonged electroblotting.
23. Static electricity may be generated while handling the
microfuge tubes with latex gloves and this may give a false
scintillation counter reading. Take a second reading 24 h
after the initial reading to allow static electricity to discharge.
24. To avoid “cross-talk” in the scintillation counter, leave
some wells unfilled: use only alternate columns of wells and
alternate rows of wells.
25. Aspirating and washing tissue culture monolayers: aspirate
from the edge of the monolayer gently with manual multichannel pipette. Also, add wash solution gently down side
of well wall – reverse plate 180◦ for alternate washes. It
is important to pre-warm the wash solution to 37◦ C to
prevent loss of tissue culture cells.
26. Ensure that the silicone coupon is completely submerged in
the solution containing the radiolabeled cells for the entire
duration of incubation to allow cell adhesion to the entire
surface of the silicone coupons. Also check that the liquid
moves up to the top of the tube and back during each rotation. If not (this is possibly a surface tension effect) stop
rotation, remove and invert the tubes a few times, replace,
and restart. Repeat if necessary.
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