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Abstract

Tooth loss adversely affects patients’ quality of life and causes inevitable changes in the
mandibular morphology. Polymethyl methacrylate (PMMA) is the most frequently used material
of removable dentures. Denture stomatitis (DS) is a common clinical finding among denture
wearers, particularly patients with debilitating diseases. Several fillers and nanofillers have been
used to improve the physical, mechanical, antifungal, and antimicrobial properties of PMMA.

The aim of the present retrospective cross-sectional study was to determine the prevalence of
tooth loss and the commonly used prosthetic constructions in 479 adult patients at the Department
of Substitutive Dental Sciences (SDS), College of Dentistry, University of Dammam, currently
Imam Abdulrahman Bin Faisal University, Dammam. The influence of tooth loss on mandibular
morphology was studied by using cone-beam computed tomographic (CBCT) scans of 101
patients. The effect of addition of thymoquinone (TQ) and nanodiamonds (NDs) to PMMA on the
flexural and surface properties of PPMA and their antifungal influence was tested through in vitro
studies.

Edentulousness was recorded in 6%, a single edentulous arch in 8%, and partial edentulousness
in 74% of the patients. Age and diabetes were significantly associated with edentulousness. Males
had a significantly higher number of missing teeth compared to females. Kennedy class III was
most common in the upper and lower jaw and was treated more often with fixed partial denture
(FPD) than with removable partial denture (RPD). Larger gonial angle (GA) of the mandible was
found in edentulous patients, in females and in older compared to dentate patients, males and
younger patients. The addition of TQ to PMMA at low concentration did not significantly change
the flexural strength, elastic modulus or surface properties of PMMA. The addition of NDs to
PMMA significantly reduced surface roughness and the Candida albicans (C. albicans) count.

Edentulousness increased in old age and caused changes in mandibular morphology. TQ
addition at low concentration did not change the flexural and surface properties of PMMA. NDs
decreased the surface roughness of PMMA and Candida albicans adhesion, which could help in
the prevention of denture stomatitis.

Keywords: age, antifungal activity, gender, mandibular morphology, nanodiamonds,
PMMA, thymoquinone, tooth loss





Fouda, Shaimaa, Hampaiden menetys, alaleuan morfologia ja proteettinen hoito:
kliininen, radiologinen ja in vitro tutkimus. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; College of Dentistry, Imam Abdulrahman Bin Faisal University
Acta Univ. Oul. D 1606, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Hampaattomuus vaikuttaa potilaiden elämänlaatuun ja aiheuttaa alaleuan muodon muutoksia.
Hampaattomuutta ja hammaspuutoksia voidaan hoitaa purennan kuntoutuksella irtoproteeseilla
ja kiinteällä protetiikalla. Polymetyylimetakrylaatti (PMMA) on yleisimmin käytetty irtoprotee-
sien materiaali. Suun sieni-infektio, proteesistomatiitti, on yleinen kliininen löydös proteesipoti-
lailla ja erityisesti potilailla, joilla on yleiskuntoa heikentäviä sairauksia. Erilaisia lisämateriaale-
ja on käytetty parantamaan PMMA:n fysikaalisia, mekaanisia ja antimikrobisia ominaisuuksia.

Tämän retrospektiivisen poikittaistutkimuksen tarkoituksena oli kartoittaa hampaattomuuden
ja hammaspuutosten esiintyvyys ja toteutetut proteettiset hoidot 479 saudiarabialaisella aikuis-
potilaalla, jotka oli hoidettu Dammanin yliopiston hammaslääketieteen laitoksella. Hammaspuu-
tosten vaikutusta alaleuan muotoon tutkittiin 101 potilaan kartiokeilatietokonetomografia
(KKTT) kuvista. Tymokinonin (thymoquinone, TQ) ja nanotimanttien (ND) lisäyksen vaikutusta
PPMA:n taivutuslujuuteen ja pintaominaisuuksiin sekä niiden antimikrobisia ominaisuuksia tut-
kittiin in vitro kokein.

Täydellistä hampaattomuutta oli 6 %:lla, ylä- tai alaleuan hampaattomuutta 8 %:lla ja osit-
taista hampaattomuutta 74 %:lla potilaista. Hampaattomuutta lisäsivät merkittävästi potilaan ikä
sekä yleissairauksista diabetes. Miehillä oli merkittävästi enemmän omia hampaita jäljellä kuin
naisilla. Hammaspuutosten sijainnin luokittelussa Kennedyn luokka III oli yleisin sekä ylä- että
alaleuassa ja puutos oli useammin hoidettu kiinteällä siltaratkaisulla kuin irrotettavalla osapro-
teesilla. Alaleuan leukakulma oli hampaattomilla, naisilla ja vanhemmilla potilailla suurempi
kuin hampaallisilla, miehillä ja nuoremmilla potilailla.

Alhainen TQ-pitoisuus ei merkittävästi muuttanut PMMA:n taivutuslujuutta, kimmomoduu-
lia eikä sen pintaominaisuuksia. Nanotimanttien lisäys vähensi merkittävästi PMMA:n pinnan-
karheutta ja Candida albicans-kasvustoa.

Tutkimus osoitti, että hampaattomuus lisääntyi iän myötä ja aiheutti alaleuan muodon muu-
toksia. Alhainen TQ-pitoisuus ei muuttanut PMMA:n taivutuslujuutta tai pintaominaisuuksia.
Nanotimantit alensivat PMMA:n pinnankarheutta ja Candida albicansin kiinnittymistä siihen,
mistä voisi olla apuna proteesistomatiitin ehkäisyssä.

Asiasanat: alaleuan muoto, antimikrobinen aktiviteetti, hampaiden menetys, ikä,
nanotimantit, PMMA, sukupuoli, tymokinoni
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DS Denture stomatitis 

FPD Fixed partial denture 

GA Gonial angle 

Kgf Kilogram-forces 
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N Newton 

NDs Nanodiamonds 

PMMA Polymethyl methacrylate 

Ra Surface roughness 

RH Ramus height 

RPD Removable partial denture 

SA Saudi Arabia 

SDS Department of Substitutive Dental Sciences 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 

TQ Thymoquinone 
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1 Introduction 

Although many Western countries have succeeded in reducing the prevalence of 

edentulousness, many people are advancing to old age and accordingly, 

edentulousness is still expected (Peterson & Yamamoto, 2005). In addition, a high 

rate of edentulousness is recorded in many countries around the world (Peltzer et 

al., 2014). 

Tooth loss adversely affects the quality of life. It not only impairs function and 

esthetics, but also affects the psychological wellbeing of patients and their self-

image (Nordenram et al., 2013). Moreover, it affects the function of the masticatory 

system and the morphology of the jaws (Huumonen et al., 2010; Raustia, Salonen 

& Pyhtinen, 1996). Tooth loss is followed by bone resorption of the residual ridges 

that varies in severity according to many factors such as patient’s gender, systemic 

diseases, age or smoking habits (Merrot et al., 2005). The choice of dental 

prosthesis suitable for restoring missing teeth depends on several factors including 

the extent of tooth loss, cost, patient’s desire and medical condition (Al Dwairi, 

2010). Dental implants have shown higher patient acceptance in comparison to 

conventional dentures (Kuoppala, Näpänkangas, & Raustia, 2013; Mahmoud & 

Ahed, 2005). However, conventional removable dentures are still widely used 

because of their lower cost and less complicated steps of construction, in addition 

to contraindications prohibiting the use of dental implants. 

Polymethyl methacrylate (PMMA) is the most commonly used denture base 

material for construction of conventional removable dental prosthesis because of 

low cost and good esthetics as well as ease of fabrication and repair even with its 

diminished physical and mechanical properties (Nandal, Ghalaut, Shekhawat, & 

Gulati, 2013). Denture stomatitis (DS) is a common clinical finding among denture 

wearers (Gendreau & Loewy, 2011). A denture base material that has antimicrobial 

properties would widely serve many patients who find it difficult to clean their 

dentures and especially those with debilitating diseases (Sawada et al., 2014). 

The present study aimed to determine the prevalence of tooth loss and the 

commonly used conventional prostheses among a selected group of adult patients 

at the College of Dentistry, Imam Abdulrahman Bin Faisal University, Dammam. 

The influence of tooth loss on mandibular morphology and its association with 

age and gender were investigated. The antifungal activity of nanodiamonds (NDs) 

added to PMMA was studied, as well as the effect of thymoquinone (TQ) and ND 

addition on the properties of PMMA. 
  



 

18 

 



 

19 

2 Review of the Literature 

2.1 Tooth loss 

Tooth loss has declined worldwide, particularly in developed countries (Petersen & 

Leous, 2017; Stock, Jürges, Shen, Bozorgmehr, & Listl, 2016). However, its 

incidence is still high in many other countries (Nazliel, Ozbek, & Karaagaoglu, 

2012; Peltzer et al., 2014). The prevalence of edentulousness increases with age 

and nowadays, more people are living to older age (Kassebaum et al., 2014; 

Øzhayat, Åkerman, Lundegren, & Öwall, 2016). 

The rate of edentulousness has been used to determine the oral health of a 

population and in evaluating oral health services (Thomson, 2012). Edentulousness 

has shown decline mainly in Western countries as a result of decrease in dental 

caries and improved oral health services (Haikola, Oikarinen, Soderholm, Remes-

Lyly, & Sipila, 2008; Petersen, 2003; Thomson, 2012). Comparison between 

countries regarding the prevalence of tooth loss may be difficult due to significant 

variations in the studies providing these epidemiological data (Atieh, 2008; Muller, 

Naharro, & Carlsson, 2007). Some studies were done on the whole population 

while others included only a selected group (Nazliel et al., 2012; Petersen, 2003). 

Dissimilarities between countries regarding the incidence of tooth loss is related to 

many factors including economics, cultural attitudes and use of tobacco (Peterson 

& Yamamoto, 2005). 

Edentulousness has decreased in many European countries among people 

under 60 years, while its prevalence is still high among people older than 65 years 

(Haikola et al., 2008; Muller et al., 2007). In addition, the incidence of tooth loss is 

higher in old age than in young people (Khalifa, Allen, Abu-bakr, & Abdel-Rahman, 

2012; Worthington, Clarkson, & Davies, 1999). A systematic review showed that 

43% of residents in elderly institutions are edentulous, with a range between 20% 

and 62%. (Wong, Ng, & Leunget, 2019). 

A study analyzing oral health in 31 European countries revealed lower 

prevalence of edentulousness and nonfunctional dentition in the Scandinavian 

countries than in the Eastern European countries (Guarnizo-Herreño, Tsakos, 

Sheiham, & Watt, 2013). The prevalence of edentulousness among adults aged 45 

years or older was 3% in Sweden, 9% in Denmark, and 12% in Finland. Poland 

showed the highest prevalence of edentulousness, 27%, followed by Turkey (25%), 

Cyprus (23%), Slovakia (22%) and Hungary (21%). In Central Europe, the rate of 
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edentulousness ranged between 10–14% in France, Italy, Germany, UK, Spain, 

Greece and Luxemburg, while a higher rate was reported in Belgium and Ireland 

(21%), Portugal (18%), the Netherlands (18%), and Austria (16%) (Guarnizo-

Herreño et al., 2013). 

A high rate of edentulousness has also been reported among adults above 60 

years of age: 78% in Bosnia (Petersen 2003), 60% in Turkey (Ozkan, Özcan, Kulak, 

Kazazoglu, & Arikan, 2011), 37% in Finland (Haikola et al., 2008), 15% in 

Hungary (Madléna, Hermann, Jáhn, & Fejérdy, 2008), and 21% in Spain 

(Eustaquio-Raga, Montiel-Company, & Almerich-Silla, 2013). However, low 

prevalence of edentulousness has been found in some countries, e.g., 7% in Egypt 

(Petersen, 2003), 9% in South Africa, 9% in China, 16% in India and 18% in Russia 

(Peltzer et al., 2014). An even lower rate of edentulousness has been reported in a 

number of African countries: 5% in Nigeria (Ibiyemi & Idiga, 2017), 3% in Ghana 

(Peltzer et al., 2014) and 0.1% in Sudan (Khalifa et al., 2012). 

The average number of remaining teeth among elderly adults in Valencia, Spain, 

was 15 (Eustaquio-Raga et al., 2013). In contrast, 23% of Hungarian adults aged 

65–74 years had 21 or more teeth (Madléna et al., 2008). The prevalence of tooth 

loss in Sudanese adults (above 16 years) having at least one tooth missing was 78% 

and the mean number of missing teeth was 4, but 93% had more than 21 teeth 

(Khalifa et al., 2012). Several studies conducted in Africa have shown that a high 

percentage of old people retain more than 20 teeth in countries such as Nigeria, 

Sudan, Kenya and Tanzania (Ibiyemi & Idiga, 2017; Khalifa et al., 2012; Kida, 

Astrøm, Strand, & Masalu, 2006; Manji, Baelum, & Fejerskov, 1988). 

2.1.1  Factors related to tooth loss 

Dental caries and periodontal diseases are the main factors responsible for tooth 

loss (Al-Ansari, 2014, Al Moaleem et al., 2016) and caries seems to have greater 

effect on tooth loss than periodontal diseases (Fure, 2003; Khalifa et al., 2012; 

Reddy, Reddy, Narendra, & Reddy, 2012). It has been found that females are more 

affected by dental caries and periodontal diseases but show a higher pattern of 

dental visits than males (Khalifa et al., 2012; Kida et al., 2006). In Saudi Arabia, 

the prevalence of caries has been found to be high (Al-Ansari, 2014). A study in 

Jazan, Saudi Arabia, however, showed that periodontal disease was the main reason 

for tooth loss, followed by dental caries, among adults in both genders (Al Moaleem 

et al., 2016). Other factors that affect tooth loss have been reported to be patient 

oral hygiene, smoking habits, systemic diseases, pattern of dental visits and ability 
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to afford dental treatment (Khalifa et al. 2012; Kida et al. 2006). In addition to the 

availability of dental service, the cost of treatment influences tooth loss, particularly 

in rural areas (Eustaquio-Raga el al., 2013; Haikola et al., 2008; Polzer, Schimmel, 

Müller, & Biffar, 2010). 

Good oral hygiene is correlated with lower prevalence of tooth loss (Ozkan et 

al., 2011). Regular tooth brushing and the use of fluoridated tooth paste reduce the 

incidence of dental caries and the number of decayed teeth, which influence the 

dental health of a population (Kumar, Tadakamadla, & Johnson, 2016; Tseveenjav, 

Suominen, Hausen, & Vehkalahti, 2011; Winter, Glaser, Heinzel-Gutenbrunner, & 

Pieper, 2015). Poor oral hygiene and high prevalence of periodontal diseases have 

been reported among old institutionalized residents, where edentulousness varied 

between 21–62% (Wong, Ng, & Leung, 2019). In the same context, smoking is 

among the factors that increases the prevalence of tooth loss, which may be due to 

its effect on the periodontium that leads to periodontal diseases (Similä &Virtanen, 

2015). Some studies have found a correlation between cardiovascular diseases, 

diabetes and tooth loss (Liljestrand et al., 2015; Similä, Auvinen, Puukka, 

Keinänen-Kiukaanniemi, & Virtanen, 2018). It has been reported that even a few 

missing teeth can indicate higher incidence of diseases and even death (Liljestrand 

et al., 2015). Moreover, increased prevalence of dental and general diseases among 

old patients may be accompanied by physical disabilities (Haikola et al., 2008; 

Polzer et al., 2010). 

The prevalence of edentulousness has been found to be higher in females than 

in males (Dye et al., 2007; Haikola et al., 2008; Ozkan et al., 2011; Peltzer et al., 

2014; Russell, Gordon, Lukacs, & Kaste, 2013). On the other hand, higher 

prevalence of edentulousness in males than in females was found in Canada and 

Spain (Eustaquio-Raga et al., 2013; Hoover & McDermott, 1989), and insignificant 

difference between males and females in the prevalence of edentulousness has been 

found in India (Reddy et al., 2012). The incidence of tooth loss has been found to 

be higher in females than in males, i.e., females having less than 20 teeth (Khalifa 

et al., 2012; Worthington et al., 1999). 

Socioeconomic situation is associated with tooth loss. Individuals with higher 

education and income have lower prevalence of tooth loss and edentulousness 

(Ozkan et al., 2011; Reddy et al, 2012). Higher prevalence of edentulousness and 

tooth loss was seen among illiterate individuals and those with maximum education 

up to secondary school compared to graduated individuals (Reddy et al., 2012). 

Moreover, studies show that patients with higher education have better oral health 
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which may result from their better attitudes toward their oral health (Wong et al. 

2019; Zuluaga, Ferreira, Montoya, & Willumsen, 2012). 

2.1.2 Consequences of tooth loss 

Tooth loss affects many aspects of patients’ wellbeing (Petersen &Yamamoto, 

2005). It causes impairment of appearance, speech and mastication. Accordingly, it 

has a negative impact on patients’ quality of life, self-confidence and psychological 

status. (Polzer et al., 2010; Øzhayat et al., 2016). The effect of tooth loss on bone 

resorption, occlusion, function of the masticatory system and morphology of the 

mandible is irreversible (Huumonen et al., 2010; Raustia et al., 1996). 

Tooth loss is followed by bone resorption in the residual ridges (Merrot et al., 

2005). The pattern of bone resorption is affected by many factors such as systemic 

or periodontal diseases and gender. Tallgren (2003) found a marked reduction of 

the residual ridges of complete denture wearers, with more pronounced reduction 

in the mandible. Bone loss was more rapid during the first year of denture wear, 

and continued at a slower rate over 25 years of denture wear (Tallgren, 2003). 

Edentulousness also causes irreversible changes in mandibular morphology 

including the gonial angle, ramus and condylar height (Huumonen et al., 2010). 

Several studies have reported widening of the gonial angle (GA) in edentulous 

patients (Huumonen et al., 2010; Sairam, Potturi, Praveen, & 2018). However, 

some other studies could not find a correlation between edentulousness and GA 

(Aragão, Souto, São Mateus, dos Santos Menezes, & Reis, 2014; Raustia & 

Salonen, 1997). 

In addition, edentulousness inversely affects the efficiency of the muscles of 

mastication and their structure (Raustia et al., 1996). The study found that a long 

period of edentulousness causes atrophy and decreased density of masseter and 

medial pterygoid muscles (Raustia et al., 1996). These muscles are inserted in the 

region of GA and the strength of their contraction influences the shape of the GA 

(Potgieter, Monteith, & Kemp, 1983). Therefore, smaller GA was found in dentate 

compared to edentulous patients due to the increased strength of the muscles of 

mastication (Joo, Lim, Kwon, & Ahn, 2013). 

Lateral cephalograms and panoramic radiographs have been used in previous 

studies to measure the GA and changes in mandibular morphology following tooth 

loss (Habets, Bezuur, Naeiji, & Hansson, 1988; Huumonen et al. 2010; Larrazabal-

Moron & Sanchis-Gimeno, 2018; Mattila, Altonen, & Haavikko, 1977; Raustia & 

Salonen 1997). Today, cone beam computed tomography (CBCT) is widely used 
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in the dental field; it has higher accuracy compared to 2-dimensional radiographs 

(Liedke et al., 2012; Tozoğlu & Çakur, 2014). It provides better potential for 

diagnosis and overcomes the drawbacks of 2-dimensional imaging, i.e., 

superimposition, magnification and distortion (van Vlijmen et al., 2012). 

2.1.3 Location of missing teeth 

Various classifications of partial edentulousness have been introduced in the 

literature (Bratu, Bratu, & Antonie, 2007; Miller, 1970). McGarry et al. suggested 

a classification that is based on the clinical findings and degree of complexity of 

the case (McGarry et al., 2002). However, the Kennedy classification is the most 

commonly used one (Carr & Brown, 2011; Kennedy, 1928). The reason for this is 

the simplicity of Kennedy’s classification that enables visualization of the 

edentulous arch. Moreover, it differentiates between tooth-supported and tooth-

tissue-supported removable partial dentures (RPDs). 

Kennedy classified partially edentulous arches into four classes according to 

the position of the edentulous area in relation to remaining natural teeth (Carr & 

Brown, 2011; Kennedy, 1928) (Figure 1). 

 

Fig. 1. Illustration of the four classes of Kennedy Classification. 
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Class I indicates a situation where the edentulous areas locate posterior to natural 

teeth bilaterally and Class II where the edentulous area is unilateral. Class III 

indicates a situation where the edentulous area is bounded by natural teeth, i.e., the 

patient has remaining teeth on either side of the edentulous area, while in Class IV, 

a single edentulous area is anterior to remaining teeth and crossing the midline. The 

classification is determined by the most posterior edentulous area. While other 

edentulous areas than those determining the class are referred to as modifications 

of the Kennedy classification and are determined by their number (Carr & Brown, 

2011). For example, a Kennedy class with modification 2 means that there are two 

edentulous areas plus the main edentulous area that determined the Kennedy class. 

2.2 Prosthetic rehabilitation 

Rehabilitation of a partially or completely edentulous arch can be accomplished by 

conventional, tooth-supported fixed or removable prostheses, or implant-supported 

prostheses. The treatment of choice depends on many factors such as patient’s 

preference, the extent of tooth loss, and patient’s medical and financial status (Al 

Dwairi, 2010; Al Hamdan & Fahmy, 2014). 

The use of implant-supported prostheses has increased during the past years 

due to increased patient satisfaction and improved retention and stability compared 

to conventional removable prostheses (Kuoppala et al., 2013; Mahmoud & Ahed, 

2005). However, limited finances, lack of trained doctors or technicians, or 

compromised medical condition may preclude their use and favor conventional 

removable dentures. RPDs have been widely used as a reversible treatment of 

partially edentulous patients at an affordable price (Al-Quaran, Al-Ghalayini, & Al-

Zu'bi, 2011). In poor areas, acrylic resin RPDs are more common compared to 

metallic RPDs due to their lower cost, and they are easier to fabricate, repair or 

modify (Graqham, Mihaylov, Jepson, Allen, & Bond, 2006). 

Patients’ need to seek prosthetic treatment is influenced by their education and 

financial condition and the availability of dental service (Al-Dwairi, 2010; Al 

Hamdan & Fahmy, 2014). In Saudi Arabia, dental treatment is provided free of 

charge in governmental services (Alshamsan, Leslie, Majeed, & Kruk, 2017). The 

Saudi population is young, with a median age of 27, and demand for prosthodontic 

care is expected to increase (Al Hamdan & Fahmy, 2014). It was found that 47% 

of young Saudis in the Eastern Province needed prosthodontic care due to untreated 

caries (Al-Harbi & El Tantawi, 2017). In Turkish elderly population, 81% of 

edentulous patients had complete dentures while the remaining 12% did not wear 
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dentures at all. Among the partially edentulous patients, 48% had RPD and only 6% 

had FPD (Ozkan et al., 2011). 

In most European countries, the prevalence of RPDs has been associated with 

old age, lower socioeconomic status, lower income, residence in rural areas and 

less education. The prevalence of RPD among adults in 13 European countries 

ranged between 13% (Sweden) and 29% (United Kingdom) and that of complete 

denture (CD) between 3% (Sweden) and 13% (United Kingdom). The prevalence 

of fixed restorations was high in Sweden (45%) and Switzerland (34%) (Zitzmann, 

Hagmann, & Weiger, 2007). Among elderly Finns, the prevalence of single crowns 

and FPD was 12.3% and 6.5%, respectively, and was associated with the area of 

residence, educational level and pattern of dental visits (Näpänkangas et al., 2011). 

In developing countries, however, the replacement of missing teeth with dental 

prosthesis has generally been low (Shigli, Hebbal, & Angadi, 2009). In Sudan, only 

3% of the population had prosthetic rehabilitation while 57% needed prosthetic 

treatment (Khalifa et al., 2012). A study conducted in India showed that only 10% 

out of 62% of individuals who were in need of partial or complete dentures had a 

dental prosthesis (Reddy et al., 2012). 

2.2.1 Denture stomatitis 

Denture stomatitis (DS) is a common disease seen among removable denture 

wearers (Gendreaus & Loewy, 2011). Newton classified DS into three types. Type 

I appears as dispersed petechiae in the palatal mucosa, Type II as diffused erythema 

and Type III as papillary hyperplasia with diffused erythema (Newton, 1962). DS 

is associated with roughness and porous denture surfaces and the incidence 

increases among patients with debilitating diseases, poor oral hygiene, continuous 

denture wear, and/or poorly fitting dentures. The pathogen C. albicans is 

considered to be the main causative pathogen of DS. C. albicans is a normal 

inhabitant of the oral cavity, however, the aforementioned predisposing factors 

results in its overgrowth and it becomes pathogenic (Odds, 1997). Studies have 

found that hydrophobicity and surface roughness of denture bases cause the 

attachment and colonization of C. albicans. To reduce C. albicans adherence, the 

denture base material should be hydrophilic, smooth and less porous (Gendreau & 

Loewy, 2011; Pereira-Cenci, Del Bel Cury, Cenci, & Rodrigues-Garcia, 2007). 

The treatment of DS starts by teaching the patient to follow proper oral hygiene 

practices of cleaning the denture and oral cavity. In addition to the application of 

chemical disinfectants, antifungal agents, or modification of denture base resin. 
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Denture relining with tissue conditioner and autopolymerizing hard reline material 

is effective in management of DS (Marín Zuluaga, Gómez Velandia, & Rueda 

Clauijo, 2011). The medications used for treatment of DS are either topical 

(nystatin, amphotericin b, fluconazole, miconazole) or systemic (fluconazole, 

itraconazole, triazol antifungal voriconazole) (Garcia, Sarrion-Pérez, & Bagán, 

2014). The treatment may necessitate the use of one or several methods to control 

the disease. However, each treatment method has its advantages and drawbacks. 

Antifungal agents can effectively treat DS, but they have toxic side effects and may 

cause the development of resistant strains in addition to possible interaction with 

other medications (Garcia et al., 2014). Chemical disinfectants could cause tissue 

irritation and negatively affect denture base resin resulting in increased surface 

roughness, decreased flexural strength, and discoloration of the material (Al-

Thobity, Gad, ArRejaie, Alnassar, & Al-Khalifa, 2019; Porwal, Khandelwal, Punia, 

& Sharma, 2017). Coating denture surfaces with an antifungal agent has been 

proposed as a possible method to reduce microbial adhesion (Ali, Alharbi, & Suresh, 

2013), but the durability of these coats is questionable. 

2.2.2 Denture base materials 

Several materials such as PMMA and thermoformed resins are used for 

construction of removable dentures (Nandal et al., 2013). However, PMMA is the 

most commonly used material for construction of removable dental prosthesis. The 

material has good esthetics and is easy to fabricate and repair at affordable cost. On 

the other hand, it has low physical and mechanical properties that may influence 

microbial adhesion, particularly surface porosity (Nandal et al., 2013). The surface 

properties of the denture base material affect C. albicans adhesion and 

consequently, the occurrence of DS. High surface roughness and hydrophobicity of 

the denture base resin along with decreased surface hardness could enhance 

C. albicans adhesion and proliferation (Gendreau & Loewy, 2011; Pereira et al., 

2007; Pinto, Neves, Leão, & Jorge, 2008; Waltimo, Vallittu, & Haapasalo, 2001). 

A denture base material with decreased hardness is liable to wear and abrasion 

particularly during function and denture cleaning. The resulted scratches resulted 

from reduced hardness could increase microbial adhesion (Pinto, Acosta, Távora, 

& Porto, 2010). 

Hydrophobic surfaces enhance C. albicans adhesion more than hydrophilic 

surfaces through the formation of strong hydrophobic bonds. Therefore, the 

hydrophobic nature of the denture base resin and electrostatic interactions could 
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increase fungal adhesion (Lazarin et al., 2013). Moreover, denture base material is 

required to have a smooth surface to avoid microbial adhesion, having a surface 

roughness (Ra) not more than 0.2 μm (Radford, Sweet, Challacombe, & Walter, 

1998). It should also have adequate hardness to avoid surface abrasion or scratching, 

particularly during cleaning (Consani, Folli, Nogueira, Correr, & Mesquita, 2016). 

Furthermore, it should possess adequate flexural strength and modulus of elasticity 

to avoid deformation under flexural stress during mastication (Diaz-Arnold, Vargas, 

Shaull, Laffoon, & Qian, 2008). 

2.3  Modification of denture base material 

Several materials were added to PMMA denture base resin to improve its 

mechanical and physical properties (Gad, Fouda, Al-Harbi, Näpänkangas, & 

Raustia, 2017b). Moreover, addition of antimicrobial agent or surface modification 

of denture base resin was suggested to reduce microbial adhesion (Al-Thobity et 

al., 2017; Lazarin et al., 2013). Some synthetic and natural fibers have shown 

improvement of the mechanical properties and showed antifungal effect when 

added to denture base resin (Farina et al., 2012; Hamid, Al-Dubayan, Al-Awami, 

Khan, & Gad, 2019; Soygun, Bolayir, & Boztug, 2013; Vallittu, 2018). Several 

studies have reported enhancement of PMMA properties by the addition of fillers 

(Arora, Chawla, & Mathur, 2011; Asar, Albayrak, Korkmaz, & Turkyilmaz, 2013; 

Gad, et al., 2017b; Kul, Aladağ, & Yesildal, 2016). Contradictory results have been 

reported with different materials added to PMMA, but overall, many additives have 

shown improvement of the properties of PMMA (Gad et al., 2017b). Recently, 

researchers studied the effect of nanofillers, and promising results were observed 

(Gad et al., 2017b; Li, Sun, Lan, & Qi, 2016; Safi, 2014). However, the proper 

concentration of the added filler or nanofiller is an important factor in order to avoid 

adverse effects on PMMA properties at increased concentration or inefficiency at 

low concentration. 

2.3.1 Mechanical reinforcement 

Reinforcement of PMMA may be obtained by the addition of fibers, fillers, or both 

together to improve the material performance or through reinforcing the denture 

base structure using metal wires, unidirectional fibers or fiber net (Table 1). The 

additive should be well distributed within the resin and form a strong bond with it 

to improve its mechanical properties (Zheng, Zheng, & Ning, 2003). 
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Table 1. Materials used in reinforcement of PMMA denture base material. 

Fibers Fillers Nano-fillers 

Glass fibers Aluminum trioxide (Al2O3) Aluminum trioxide (Al2O3) 

Natural fibers Hydroxyapatite (HA) Gold (Au) 

Polyamide fiber Silicon dioxide (SiO2) Hydroxyapatite (HA) 

Polyethylene and polypropylene fibers Silver (Ag) Nanodiamonds (NDs) 

Aramid fibers Titanium dioxide (TiO2) Silicon dioxide (SiO2) 

Nylon fibers Zirconium dioxide (ZrO2) Silver (AgNPs) 

Cellulose fibers  Titanium dioxide (TiO2) 

  Zinc oxide (ZnO2) 

  Zirconium dioxide (ZrO2) 

Reinforcement of denture base structure 

Embedding reinforcing material in the denture base resin has shown improvement 

in its mechanical properties (Alla, Sajjan, Alluri, Ginjupalli, & Upadhya, 2013). 

One of these materials are metal wires and mesh, impact and transverse strength of 

PMMA were increased with metal wires (Vallittu, 1995; Vallittu, Vojtkova, & 

Lassila, 1995) and stainless-steel mesh showed improvement of PMMA impact 

strength (Murthy et al., 2015). 

Continuous glass fibers (unidirectional or woven) have also improved the 

impact strength and the flexural properties of PMMA (Vallittu, 1999; Vallittu et al., 

1995;). Moreover, a clinical study showed that continuous glass fiber is useful in 

repairing fractured acrylic resin removable denture (Narva, Vallittu, Helenius, & 

Yli-Urpo, 2001). However, polyethylene fibers increased the impact strength more 

than glass fibers and stainless-steel mesh (Murthy et al., 2015). Other fibers used 

for reinforcement of denture base resin including; Carbon, Kevlar, and 

polyethylene showed higher elasticity modulus values compared to unreinforced 

heat polymerized resin (Uzun, Hersek, & Tincer, 1999). 

Improved flexural properties of PMMA was reported with the placement of E 

glass fibers close to the tensile stress side surface (Agha, Flinton, & Vaidyanathan, 

2016). Complete dentures reinforced with glass mesh showed increased fracture 

load and toughness compared to unreinforced and metal mesh reinforced dentures 

(Yu, Oh, Cho, & Bae, 2017). 
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Fibers and fillers 

Many fibers and fillers have been used for reinforcement (Table 1). Their effect on 

the physical and mechanical properties of PMMA has been investigated in many 

studies (Gad et al., 2017b; Vallittu, 1996). 

Glass, polyethylene and polypropylene fibers increase the impact strength of 

denture base resin (Mowade, Dange, Thakre, & Kamble, 2012). Silanized 

polypropylene fibers significantly improve transverse, tensile, and impact strengths, 

whereas wear resistance is highly decreased (Ismaeel, Alalwan, & Mustafa, 2015). 

Aramid fibers are biocompatible; they increase flexural strength and flexural 

modulus (Yu et al., 2013) but decrease the hardness and produce a yellow color in 

the resin (Chen, Liang, & Yen, 2001; Jagger, Harrison, A., & Jandt, 1999). Nylon 

fibers increase the fracture resistance of PMMA, and incorporating nylon fibers in 

PMMA increases its structural elasticity (Soygun et al., 2013). Cellulose nanofibers 

derived from oil palm empty fruit bunch improve the flexural strength and modulus 

of reinforced PMMA in comparison to conventional resin (Kawaguchi et al., 2020; 

Rahaman, Ali, John, Mani, & El-Seedi, 2019). 

 Moreover, a number of metal oxide fillers have shown enhancement of the 

mechanical and physical properties of PMMA. Silver fillers increase the flexural 

and fatigue strength and improve the thermal conductivity of PMMA (Arora et al., 

2011; Kul et al., 2016). Zirconium dioxide fillers increase the flexural and impact 

strength, fracture toughness, thermal conductivity and hardness and reduce water 

sorption of PMMA (Asar et al., 2013, Kul et al., 2016), but a decrease in impact 

strength and surface hardness has also been reported with zirconium dioxide fillers 

(Asopa et al., 2015). Aluminum trioxide fillers improve the thermal conductivity, 

flexural, impact tensile and compressive strength, as well as surface hardness of the 

resin (Asar et al., 2013; Kul et al., 2016). As well, titanium dioxide fillers improve 

the flexural strength, fracture toughness, hardness, impact strength and thermal 

conductivity, and also decrease the water sorption of PMMA (Asar et al., 2013; Kul 

et al., 2016). 

Previous studies investigating the effect of different natural extracts on the 

properties of PMMA showed variations. Vegetable fiber increased the flexural 

modulus but decreased flexural strength (Xu, Li, Yu, & Cong, 2013). On the other 

hand, John et al. found that oil palm empty fruit bunch significantly increased the 

flexural strength and flexural modulus of acrylic resin (John, Ann Mani, 

Palaniswamy, Ramanathan, & Razak, 2015). Rahaman et al. reported improvement 

of flexural strength and modulus of reinforced PMMA with microcrystalline 
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cellulose derived from oil palm empty fruit bunch in comparison to conventional 

resin (Rahaman et al., 2019). A recent study reported enhanced flexural strength 

and modulus of PMMA reinforced with cellulose nanofibers (Kawaguchi et al., 

2020). Glass fiber improved the mechanical properties of acrylic resin including 

flexural strength, impact strength, toughness and hardness and reduced deformation 

of the denture base (Farina et al., 2012; Gad et al., 2017b; Vallittu, & Narva, 1997). 

Hydroxyapatite increased the flexural strength and flexural modulus of PMMA 

(Pan et al., 2013). 

Nanofillers 

The application of nanotechnology could be beneficial in the dental field by 

incorporating nanoparticles into PMMA to enhance its properties (Gad et al., 

2017b). Several studies have investigated the effect of nanoparticles on PMMA. 

Some nanoparticles have improved the mechanical properties of the resin, such as 

gold nanoparticles (Morsy & Mohammed, 2014), aluminum trioxide nanoparticles, 

silicon dioxide nanoparticles (Safi, 2014) and hydroxyapatite nanoparticles (Salih, 

Oleiwi, & Hamad, 2015). Other nanoparticles have improved the mechanical and 

antimicrobial properties of PMMA, such as silver (Li Z et al., 2016), titanium 

dioxide (Cierech et al., 2016; Gad & Abualsaud, 2019), and zinc oxide 

(Kamonkhantikul, Arksornnukit, & Takahashi, 2017). 

Among the nanoparticles that improved the mechanical and physical properties 

of denture base resin are silicon dioxide nanoparticles (SiO2 NPs) which improved 

the thermal and mechanical properties of PMMA (Safi, 2014). Silicon dioxide 

nanoparticles improved the surface hardness, impact and transverse strength of 

PMMA (Alnamel & Mudhaffer, 2014) but at increased concentration, adversely 

affected the hardness and fracture toughness of PMMA (Balos, Pilic, Markovic, 

Pavlicevic, & Luzanin, 2014). Hydroxyapatite nanoparticles (HA NPs) increased 

the fatigue and compression strength of PMMA (Salih et al., 2015) as well as its 

thermal conductivity (Kul et al., 2016). Gold nanoparticles significantly improved 

the flexural strength and thermal conductivity of PMMA (Morsy & Mohammed, 

2014). 

Zirconia nanoparticles improved the impact, flexural, and compressive 

strength of PMMA, in addition to fracture toughness and hardness (Ahmed & 

Ebrahim, 2014; Zhang, Zhang, Zhu, & Qian, 2011). Addition of alumina 

nanoparticles (Al2O3 NPs) to PMMA improved its thermal stability (Safi, 2014). 

Silanized alumina nanoparticles (Al2O3 NPs) improved the thermal properties and 
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flexural strength of PMMA and reduced water sorption and solubility, but caused 

discoloration (Jasim & Ismail, 2014). Silver nanoparticles enhanced the thermal 

conductivity, compressive strength and viscoelastic properties of PMMA denture 

base resin (Hamedi-Rad, Ghaffari, Rezaii, & Ramazani, 2014; Li et al., 2016; 

Mahross & Baroudi, 2015; Nam, Lee, & Lee, 2012). However, reduction of tensile 

strength as well as poor color stability was reported (Ghaffari, Hamedirad, & Ezzati, 

2014; Nam et al., 2012). 

Nanodiamonds (NDs) owe the properties of diamond, i.e., they have high 

strength, and they are biocompatible, chemically stable and conduct heat (Mochalin, 

Shenderova, Ho, & Gogotsi, 2012). NDs are considered to be good fillers to PMMA 

due to their adequate distribution within the resin matrix and rich surface chemistry. 

They have several reactive groups (NH2, OH) that strengthen the bond with PMMA 

(Maitra, Prasad, Ramamurty, & Rao, 2009). Their antibacterial activity might result 

from the presence of oxygen-derived groups on their surface which interact with 

the components of bacterial cells, causing their death (Khanal et al., 2015; Wehling, 

Dringen, Zare, Maas, & Rezwan, 2014). 

2.3.2 Addition of antimicrobial agents 

Addition of antimicrobial agents to PMMA could improve oral health of many 

patients and reduce microbial and fungal adhesion. Researchers have investigated 

the antimicrobial effect of some additives to PMMA and their capability to reduce 

microbial adhesion on denture base resin (Al-Thobity et al., 2017; Gad, Al-Thobity, 

Shahin, Alsaqer, & Ali, 2017a;) (Table 2). It is important that antifungall / 

antimicrobial additives to denture base material do not adversely affect its physical 

and mechanical properties. 

Addition of methacrylic acid to polymethyl methacrylate (PMMA) reduced 

bacterial adherence (Gupta, Aparna, Bhat, & Ginjupalli, 2017). Also, acrylic resins 

containing antimicrobial polymers, Poly(2-tert-butylaminoethyl) methacrylate, 

have shown significant antimicrobial activity against Staphylococcus aureus and 

Streptococcus mutans biofilms (Marra, Paleari, Rodriguez, Leite, Pero, & 

Compagnoni, 2012). 

Several fibers and fillers, such as silver (Casemiro, Martins, Pires‐de‐Souza, & 

Panzeri, 2008) E-glass fibers (Akalın‐Evren, Kulak‐Özkan, Özcan, & Kadir, 2014) 

and fluoridated glass filler (Al-Bakri et al., 2014) have shown to reduce microbial 

and/or fungal adhesion when added to PMMA. 
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Table 2.  Antimicrobial additives to PMMA denture base material. 

Antimicrobial agent Additive Effect 

Natural Fibers Henna 

TQ 

Neem powder 

Reduced C. albicans adhesion 

Glass E-glass fibers 

Fluoridated glass filler 

Reduced C. albicans adhesion 

Metal Silver and zinc zeolite Antimicrobial activity against 

C. albicans and Streptococcus mutans 

Antimicrobial polymers Poly(2-tert-butylaminoethyl) 

methacrylate 

Antimicrobial activity against 

Staphylococcus aureus and 

Streptococcus mutans  

Comonomer Methacrylic acid (MAA) and Methyl 

methacrylate (MMA) monomer 

Reduced adhesion of Staphylococcus 

aureus  

Nanoparticles Silver (AgNPs) 

Zinc oxide (ZnO-NP) 

Titanium dioxide (TiO2-NP) 

Antimicrobial and Antifungal activity  

The antifungal effect of natural fibers on PMMA has also been tested in several 

studies and the results have shown reduced fungal adhesion (Al-Thobity et al., 2017; 

Hamid et al., 2019; Nawasrah, AlNimr, & Ali, 2016). The natural fibers include 

neem powder (Hamid et al., 2019), henna (Nawasrah et al., 2016) and 

thymoquinone (TQ) (Al-Thobity et al., 2017). TQ is the main ingredient of Nigella 

sativa plant, also known as black seeds and black cumin, grows in south and 

southwest Asia (Entok et al., 2014). Its ingredients have shown antibacterial and 

anti-inflammatory effects that can be useful in the medical field (Bakathir & Abbas, 

2011). They have also been tested in the dental field, showing promising effect in 

the treatment of periodontal and pulpal diseases and against dental decay (Al-

Bayaty, Kamaruddin, Ismail, & Abdulla, 2013; Mohammed, 2012; Omar, Khattab, 

& Khater, 2012). Nigella sativa extract has also shown inhibitory effect against 

C. albicans (Khan, Ashfaq, Zuberi, Mahmood, & Gilani, 2003). Moreover, 

nanosized TQ has antifungal effect against C. albicans (Randhawa, Gondal, Al-

Zahrani, Rashid, & Ali, 2015). However, their addition should be made at a proper 

concentration which does not adversely affect the mechanical properties of the 

denture base material. 

Moreover, some nanoparticles have shown antimicrobial effect in addition to 

enhancement of the mechanical properties of PMMA. Silver nanoparticles showed 

antifungal effect when added to PMMA (Li et al., 2016; Nam et al., 2012). Titanium 

dioxide nanoparticles (TiO2 NP) improved the mechanical properties of denture 
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base resin in addition to its antibacterial and antifungal properties (Gad & 

Abualsaud 2019). Zinc oxide nanoparticles (Kamonkhantikul et al., 2017; Cierech 

et al., 2016) have shown antimicrobial and antifungal effect when added to PMMA 

denture base. 
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3 Aims of the study 

The aims of the present study were to investigate the prevalence of tooth loss and 

prosthetic treatment in a selected adult population. The effects of antifungal 

reinforcement on PMMA denture base material and the influence of NDs on 

Candida albicans adhesion were evaluated in in vitro studies. 

The specific aims were: 

– to determine the percentage of completely and partially edentulous patients and 

their prosthetic treatment at the College of Dentistry, University of Imam 

Abdulrahman Bin Faisal (previously University of Dammam). 

–  to investigate the association between tooth loss, age, and gender and changes 

in mandibular morphology in a group of adult patients using cone beam 

computed tomographic scans (CBCT). 

– to investigate the effect of addition of thymoquinone (TQ) as an antifungal 

agent on the flexural strength, elastic modulus, surface roughness, and hardness 

of polymethyl methacrylate (PMMA) denture base material. 

– to investigate the effect of nanodiamonds (NDs) on Candida albicans adhesion 

and on surface properties of polymethyl methacrylate (PMMA) denture base 

material. 

The study null hypotheses were that addition of TQ will not change the flexural and 

surface properties of PMMA denture base material. NDs will not affect the surface 

properties of PMMA nor the adhesion of C. albicans. 
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4 Materials and methods 

4.1 Study design 

The cross-sectional retrospective studies I and II were conducted at the College of 

Dentistry, Imam Abdulrahman Bin Faisal University (University of Dammam 

previously), Dammam, Saudi Arabia/SA. This is the only Dental College in the 

Eastern Province of the Kingdom of Saudi Arabia. It provides treatment free of 

charge to all residents of Saudi and non-Saudi nationalities. The patients who visit 

the Dental College are first examined before being referred to various specialty 

clinics. The patients are mainly treated by dental students under the supervision of 

staff members and interns while advanced or difficult cases are referred to senior 

specialists at the Dental College Hospital. 

The effects of thymoquinone (TQ) and nanodiamonds (NDs) as antifungal 

reinforcement on the properties of polymethyl methacrylate (PMMA) denture base 

material and C. albicans adhesion were investigated in two in vitro studies (Studies 

III and IV). 

Ethical approval 

Study I was approved by the Institutional Review Board (IRB-2014-02-025) of the 

University of Dammam and Study II was approved by the Scientific Research Unit 

at the College of Dentistry, Imam Abdulrahman Bin Faisal University (# 2017019). 

4.1.1 Subjects (Studies I and II) 

Study I 

The patients selected for study I were treated at the Department of Substitutive 

Dental Sciences (SDS) in the Imam Abdulrahman Bin Faisal University between 

the years 2011–2014. The Department of SDS comprises two subspecialties: 

removable and fixed prosthodontics. A total of 479/1016 patients (47%) (312 males 

and 167 females) met the inclusion criteria which were age equal or above 25 years, 

complete medical record, and the availability of panoramic radiograph of good 

quality. The patients’ mean age was 46 years (SD 13.52, range 25–96 years). The 

majority of the patients were Saudis (n = 295, 62%). The patients’ records were 
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reviewed to record age, gender, nationality (Saudi/non-Saudi), medical condition 

(heart diseases, diabetes) and smoking habits (smoker/non-smoker). The dental 

prosthesis received by partially edentulous patients were recorded as a removable 

partial denture (RPD), a fixed partial denture (FPD), or both. 

Study II 

This study was conducted between the years 2016–2018 at the SDS, College of 

Dentistry, Imam Abdulrahman Bin Faisal University. Inclusion criteria were 

patients’ age 20 years or above, cone beam computed tomography (CBCT) scans 

of good quality, and complete dental records. Clinical and radiographic 

examinations were performed before the patients were referred to the clinics of 

different specialties. CBCT examination was not performed unless further 

investigations were required. The patients’ records were reviewed to record their 

age and gender. The patients were divided according to their age into two groups, 

under 50 years and 50 years or above. In addition, the patients were divided 

according to tooth loss into completely edentulous and dentate patients. Patients 

were considered dentate if at least one intact and/or carious tooth was registered. 

The number of patients meeting the inclusion criteria and available for analysis in 

the study was 101 (49 males, 48.5% and 52 females, 51.5%). 

4.2 Radiographic evaluation 

Study I 

Panoramic radiographs of all the patients included in the study were examined by 

the same specialist dentist (SF) and patients were recorded as edentulous (all teeth 

missing in both jaws), having a single edentulous jaw (maxillary or mandibular), 

or partially edentulous (at least one missing tooth other than the third molar). The 

partially edentulous patients were divided into four Kennedy classes (Class I, II, 

III, and IV) according to Kennedy classification (Carr & Brown, 2011; Kennedy, 

1928). 
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Study II 

All CBCT scans included in the study were taken by the same equipment (CS 9300, 

Carestream) using the same exposure settings. Measurements were obtained using 

software (CS Imaging Patient Browser 7.0.20. Copyright Carestream, Inc.2016) by 

the same person. The patients were divided into completely edentulous and dentate 

patients (at least one intact and/or carious tooth). The gonial angle (GA), ramus 

height (RH) and condylar height (CH) were measured digitally on the panoramic 

view (Figure 2). 

 

Fig. 2. Measurement of gonial angle (GA), ramus height (RH) and condylar height CH). 

GA was measured by tracing a line tangential to the most inferior points along the 

lower border of the mandibular body and another line tangential to the posterior 
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borders of the ramus and the condyle; the intersection of the lines formed the GA. 

RH was measured from the most posterior point of the ramus and CH from ramus 

height to the most superior point of the condyle (Habets et al., 1988; Mattila et al., 

1977; Raustia & Salonen, 1997). 

4.3 Specimens fabrication (Studies III and IV) 

The specimens for studies III and IV were fabricated following the same method 

of waxing up the metal molds followed by investing in dental stone (Fujirock EP; 

GC) within metal flasks (61B Two Flask Compress; Handler Manufacturing). The 

resulting mold spaces and stone surfaces after wax elimination were coated with a 

separating medium (Isol Major; Major Prodotti Dentari Spa). The heat polymerized 

PMMA (Major base 20 resin; Prodotti Dentari SPA) was mixed according to 

manufacturer instructions, packed and processed in a heat-curing unit (KaVo 

Elektrotechnisches Werk GmbH, Leutkirch, Germany) for two hours at 74°C, 

followed by one hour at 100°C. The flasks were left to cool to room temperature; 

then, after de-flasking, the resulted specimens were finished and polished with a 

tungsten carbide bur (HM 79GX-040 HP; Meisinger) with a thin cross cut at 18 000 

rpm, followed by a fine-grain cylindrical rubber top bur for the acrylic resin 

(HM251FX-040-HP; Meisinger). Polishing was standardized by using a 

mechanical polisher (Metaserve 250 grinder-polisher, Buehler) at 100 rpm for five 

minutes in wet conditions with a polishing cloth disc (TexMet C10in, 42-3210, 

Buehler GmbH). The specimens were cleaned with ultrasonic cleaner and then kept 

in distilled water at 37°C for one week. The water was changed daily to reduce the 

accumulation of residual monomers. 

4.3.1 Preparation of PMMA/TQ composite (Study III) and PMMA/ND 

composite (Study IV) 

An electronic balance (Denver instrument GmbH, Goettingen, Germany) was used 

to weigh TQ (Thymoquinone ≥ 98%; Sigma-Aldrich, Taufkirchen, Germany) and 

ND powder (Shanghai Richem International Co. Ltd) before their addition to 

PMMA powder. The mixture was stirred with gentle hand pressure using a 

conventional mortar and pestle and then with an electric mixer for 30 minutes at a 

rotating speed of 400 rpm to ensure equal distribution of the filler in the resin 

powder. 
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Study III 

A total of 160 specimens were fabricated using metal molds of 65 x 10 x 2.5 mm3 

to test flexural strength and 10 x 20 x 3 mm3 to test surface properties according to 

ANSI/ADA specification No. 12. The specimens were divided into eight groups of 

20 specimens according to TQ concentration. The control group included 

unreinforced PMMA and groups A, B, C, D, E, F and G included added TQ at 

concentrations 0.5%, 1%, 1.5%, 2%, 2.5%, 3% and 5%, respectively. 

Study IV 

A total of 120 specimens were fabricated using metal molds (10 x 10 x 3 mm3), and 

then divided into four groups according to ND concentration (0%, 0.5%, 1%, 1.5% 

by wt); each group included 30 specimens. 

The average size of ND particles (Shanghai Richem International Co. Ltd) was 

30 nm. Transmission electron microscopy (TEM) was used to assess the surface 

morphological features of the powder (Figure 3); it contained graphite sheets (56% 

wt) of a few to several tens of nanometers and NDs (44% wt) with an estimated 

particle size of around 30 nm. 

 

Fig. 3. Surface morphological features of NDs and graphite sheets (TEM Images, scale 

bars for TEM are 200 nm). 
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4.4 Laboratory testing (Studies III and IV) 

4.4.1 Flexural strength test (Study III) 

The flexural strength of specimens was calculated using a three-point bending test 

on a universal testing machine (Instron 8871; Instron Co., Norwood, MA) that 

measured the fracture load following the formula: 

 FS = 3WL/2bd2 ( 1 ) 

Where 

 FS = flexural strength (in MPa), 

 W = fracture load (N), 

 L = distance between the two supports, 

 b = specimen width, and 

 d = specimen thickness (Figure 4). 

The specimens were placed on a 3-point flexure apparatus and the support span was 

50 mm. Load (a 50 kgf load cell) was applied at the midpoint of the specimen with 

crosshead speed of 5 mm/minute until the specimen fractured and fracture load was 

recorded. The results of the flexural strength test were used to calculate the elastic 

modulus using the formula: 

  E = FL3/4bh3d ( 2 ) 

Where 

 E = the elastic modulus (MPa), 

 F = load (N) at a convenient point (p) in the straight line of the 

tension/deformation curve (elastic deformation), 

 L =  the distance between the two supports, 

 b = specimen width, 

 h = specimen thickness, and 

 d = deflection in that point (p). 
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Fig. 4. The three-point bending test for measurement of flexural strength using 

Universal testing machine (INSTRON). 

4.4.2 Surface roughness test (Studies III and IV) 

The surface roughness (Ra) of the specimens was examined using a non-contact 

optical interferometric profilometer (Contour Gt-K1 optical profiler; Bruker Nano, 

Inc., Tucson, AZ) at a 0.01 mm resolution. The specimens (approximate area 

0.43 x 0.58 mm) were scanned with a standard camera at 20X at five sites, and the 

average for each specimen was calculated. The images were analyzed by a software 

package (Vision64, Bruker Nano) to determine pit characteristics. 

4.4.3 Surface hardness test (Study III) 

The surface hardness of the specimens was tested by the corresponding tester 

(Wilson Hardness, ITW Test & Measurement GmbH, Shanghai, China) equipped 

with a Vickers diamond. For each specimen, eight indentations were made by the 

application of a 25-gf load for 30 seconds. The average of the eight indentations 

was calculated to obtain the hardness value of each specimen. 
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4.4.4 Scanning electron microscopy (SEM) (Studies III and IV) 

The surface topography of the specimens and the fractured cross section for study 

III were examined by SEM (FEI, ISPECT S50). A sputter coating machine 

(Quorum, Q150R ES, UK) was used to apply a gold coating on the specimens to 

overcome the non-conductive property of the material. The specimens were then 

mounted on a metallic stub using double-sided adhesive tape and the images were 

captured at different magnifications (500, 1 000, 2 000, 5 000, and 10 000X) to 

observe important characteristics of the surface changes with different 

concentrations of TQ for study III and NDs for study IV. 

4.4.5 Contact angle measurement (Study IV) 

The contact angle was measured by an automated contact angle goniometer (DM-

501; Kyowa Interface Science Co, Japan). Droplets of distilled water were applied 

on the dried surfaces of the specimens using an auto pipette and a goniometer to 

standardize the droplet volume (2 μL). The angle of the tangent to the surface of 

the water droplet was measured and repeated four times on different areas of each 

specimen to calculate the average. The images were analyzed with FAMAS 

software (Kyowa Interface Science Co, Japan). 

4.5 Microbiological test (Study IV) 

Before starting the microbiological tests, the specimens were first sterilized with 

70% alcohol, then cleaned in ultrasonic cleaner with sterilized distilled water. The 

specimens were then soaked in artificial saliva (A.S. Orthana, Biofac A/S, Kastrup, 

Denmark) containing 2 000 000 cells of C. albicans (ATCC 10231) at 37°C for 48 

hours. Phosphate-buffered saline (PBS) was used to wash the acrylic plates three 

times to detach non-adherent cells. The plates were then put into sterile tubes 

containing 1 mL of Sabouraud’s dextrose broth (SDB-Acumedica Co., 

Manufacturers, Inc.) for 24 hours. After that, the plates were vibrated for 10 

minutes with a vortex mixer. To obtain clustered pellets of C. albicans, the tubes 

were then centrifuged for five minutes at 4 500 rpm. After being centrifuged, the 

acrylic resin specimens were extracted from the tubes, and the clustered pellets 

were collected from the tube. 

The C. albicans attached to each specimen was counted by slide count method 

(Neubauer) and direct culture method [colony-forming unit (CFU)]. 
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4.5.1  Slide count method (Neubauer): 

For microscopic evaluation, 2.5 µL of Trypan Blue 0.4% solution in phosphate 

(MP-Biomedicals) was added to 7.5 µL of each concentrated Candida pellet of the 

specimen positioned on a slide worktable (Neubauer Slide Counter; Chambers-

Marienfeld). The Trypan Blue stain distinguishes live C. albicans from dead by 

showing the live C. albicans cells as transparent and surrounded by a blue 

borderline, while the dead cells are colored blue. A light microscope (at low power 

magnifications, 10X) was used to count the number of C. albicans cells. Each slide 

contained four main squares, each of which was divided into 16 smaller squares. 

C. albicans cells were counted in two main squares, then multiplied by two to 

achieve the total number of C. albicans on each slide . 

4.5.2 Direct culture method: [colony-forming unit (CFU)] 

Ten µL of each isolated centrifuged pellet was spread onto a petri dish and 

incubated for 24 hours at 37°C. A marker pen counter (colony counter “SP 

Scienceware, Bel-Art Products”) was used to count the C. albicans colonies. The 

number of colonies was calibrated for the dilution factor. When the number of 

colonies reached 5 000 or more, it was considered overgrown. 

4.6 Statistical analysis 

Study I 

The proportions of completely edentulous patients, patients with a single 

edentulous jaw, and partially edentulous patients participating in the study were 

determined. Possible correlation between the number of missing teeth and patient’s 

age, gender, general health, and smoking habits were analyzed. Cross tabulations 

and bar graphs were used for descriptive statistics. Student’s T-test, chi-squared test, 

and binomial test were used to test significant difference between the tested 

variables. Post hoc testing was employed to analyze the statistical significance 

between the prosthetic treatments provided to the patients with different Kennedy 

classes of partial edentulousness; significance was tested separately for each jaw. 
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Study II 

T-test was used to compare means of the right and left sides for the GA, RH and 

CH. Repeated measures analysis of variance (ANOVA) was used to assess the 

impact of gender, age (categorized into two classes; < 50 years and ≥ 50 years), and 

tooth loss (completely edentulous and dentate) on the GA, RH and CH. The mean 

measurements of the GA, RH and CH were compared between dentate and 

edentulous patients (after splitting) by gender. 

Study III 

One-way ANOVA was used for intragroup comparison in relation to the control 

group for flexural strength, elastic modulus, surface roughness, and hardness. For 

comparison between groups, a Tukey-Kramer multiple-comparison test was used. 

Study IV 

Arithmetic means and standard deviations for categorized parameters were 

calculated. ANOVA was used to check overall significance. Pairwise significance 

was tested by using Tukey’s post hoc test. 

Statistical Package of Social Sciences (SPSS IBM, USA) was used for data 

entry and analysis in studies I, II, III and IV. A p-value < 0.05 was considered as 

statistically significant. 
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5 Results 

5.1 Prevalence of completely and partially edentulous patients and 

their prosthetic treatment 

The majority of the 479 patients had missing teeth: 6% (n = 28) were completely 

edentulous, 8% (n = 37) had a single edentulous jaw, 74% (n = 354) were partially 

edentulous, and 12% (n = 60) had no missing teeth. 

Edentulousness was found to be significantly correlated with age: the number 

of edentulous patients was higher among older patients compared to younger ones 

(p < 0.001) (Figure 5). All the edentulous patients and most of the patients with a 

single edentulous jaw were 45 to 74 years old. The mean age of completely 

edentulous patients was 64 years. In addition, 11% of the patients aged 45 and more, 

17% of the patients aged 55 or more, and one third of the patients aged above 65 

years were edentulous (n = 11 out of 38). 

 

Fig. 5. Frequency of edentulousness among patients (n = 354) in different age groups. 

No significant correlation was found between patients’ gender and nationality and 

complete edentulousness. Edentulousness in a single jaw was significantly more 

common in the maxilla (6%) compared to the mandible (1%) (p < 0.001). It was 
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also more common among males (70%) compared to females (30%) in both jaws 

(Figure 6). 

 

Fig. 6. Frequency of edentulousness in relation to patients’ gender. 

Among the partially edentulous group (n = 354), the average number of missing 

teeth was 6.5 (± 5.3), more than half of the patients (n = 197) had 1–5 missing teeth, 

almost one third (n = 70) of them were between 25–34 years (Table 3). 

Table 3. Number of missing teeth among partially edentulous patients in relation to age. 

Missing Teeth Age (Years) Total 

25–34 35–44 45–54 55–64 65–74 Above 75 

1–5 70 53 47 20 2 5 197 

6–10 16 17 26 19 4 0 82 

11–15 2 13 15 11 4 2 47 

16–20 3 4 5 6 4 1 23 

21–25 0 0 1 3 0 0 4 

26–30 0 0 1 0 0 0 1 

Total 91 87 95 59 14 8 354 

The association between edentulousness and general diseases and smoking was 

observed. Diabetes was found to be significantly correlated with complete 
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edentulousness and edentulousness in a single jaw (p = 0.015). The total number of 

completely edentulous patients and patients with an edentulous single jaw was 65; 

almost a third (n = 22) of them had diabetes, 5% had heart diseases, and 28% were 

smokers. 

Table 4. Number of missing teeth among partially edentulous patients in relation to 

gender, smoking and general health. 

Group Number of Missing Teeth Total 

1–5 

n (%) 

6–10 

n (%) 

11–15 

n (%) 

16–20 

n (%) 

21–25 

n (%) 

26–30 

n (%) 

Gender        

Male 139 (61.5) 42 (18.6) 26 (11.5) 16 (7.1) 3 (1.3) 0  226 

Female 58 (45.3) 40 (31.2) 21 (16.4) 7 (5.5) 1 (0.8) 1 (0.8) 128 

Smoking        

Yes 38 (50.7) 20 (26.7) 11 (14.7) 6 (8) 0  0  75 

No 159 (57.2) 61 (21.7) 37 (13) 17 (6.2) 4 (1.5) 1 (0.4) 279 

Diabetes        

Yes 26 (49) 12 (22.6) 6 (11.3) 6 (11.3) 3 (5.7) 0  53 

No 171 (56.7) 70 (23.3) 41 (13.7) 17 (5.7) 1 (0.3) 1 (0.3) 301 

Heart Disease        

Yes 7 (50) 4 (28.6) 1 (7.1) 2 (14.3) 0  0  14 

No 189 (55.8) 79 (23) 46 (13.6) 21 (6.2) 4 (1.2) 1 (0.3) 340 

Of the partially edentulous patients, 15% (n = 53) were diabetic, 4% had heart 

disease, and less than a quarter of the patients (n = 75) were smokers. On average, 

a diabetic patient had more missing teeth 8 (± 6.7) compared to non-diabetic patient 

6 (± 4.98), (p = 0.023). Patients with heart disease had an average of 6.8 (± 5.89) 

missing teeth compared to 6.5 (± 5.3) in patients with no heart disease. Similarly, 

the mean number of missing teeth among smokers and nonsmokers was 7 (± 5.26) 

and 6 (± 5.34), respectively, with no significance in the mean difference. The 

number of missing teeth was significantly higher among males (p < 0.026) 

compared to females (Table 4). 

The presence of Kennedy class III of partial edentulism was found to be 

significantly higher among other classes in the maxillary and mandibular arches 

and also in both arches together (p < 0.001) (Table 5). 
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Table 5. Distribution of different Kennedy classes in maxillary and mandibular arches. 

Kennedy Classes Maxillary arch Mandibular arch Both arches 

n (%) n (%) n (%) 

I 31 (15.2) 26 (12.5) 11 (7.7) 

II 48 (23.5) 37 (17.8) 24 (16.8) 

III 72 (35.3) 93 (44.7) 107 (74.8) 

IV 7 (3.4) 3 (1.4) 1 (0.7) 

NO missing teeth 46 (22.5) 49 (23.6) 0  

Total 204  208  143  

The prosthesis the patients received was FPD, RPD, or both. Altogether 110 

patients (31%) received a RPD, 111 patients (31%) a FPD, and 16 patients (4%) 

received both FPD and RPD. For the mandible, it was found that RPD was used in 

significantly more cases than FPD for each class of partial edentulousness except 

for Kennedy class III, where FPD was more common. For the maxilla, significantly 

more cases treated with RPD belonged to Kennedy classes I and II of partial 

edentulousness compared to FPD (p < 0.001), while for Kennedy class III and IV, 

FPD was used more than RPD (Table 6). 

Table 6. Prosthetic treatment according to Kennedy Classification in the maxilla and 

mandible in patients (n = 237) treated in the College of Dentistry, Imam Abdulrahman 

Bin Faisal University, Dammam. 

Kennedy Classes RPD FPD RPD + FPD 

n (%) n (%) n (%) 

Maxilla    

I 24 (21.8) 5 (4.5) 0  

II 27 (24.5) 12 (10.8) 3 (18.8) 

III 51 (46.4) 71 (64) 11 (68.8) 

IV 1 (0.9) 2 (1.8) 0  

Total 103  90  14  

Mandible    

I 22 (20) 4 (3.7) 3 (18.8) 

II 32 (29.1) 18 (16.8) 5 (31.3) 

III 44 (40) 63 (58.9) 8 (50) 

IV 5 (4.5) 1 (0.9) 0  

Total 103  86  16  
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5.2 The association between tooth loss, age, and gender and 

changes on mandibular morphology 

Almost half of the 101 patients (52%) included in the study were younger than 50 

years of age and 13 (13%) were edentulous (Table 7). The proportion of males 

above 50 years old was higher than that of females, with a percentage of 53% and 

44%, respectively, while the percentage of dentate females was higher than that of 

males (90% and 84%) (Table 7). 

Table 7. Distribution of the 101 patients examined by cone-beam computed tomography 

according to age, gender and dental status. 

Factors Males 

N (%) 

Females 

N (%) 

Total 

N (%) 

N 49 (48.5) 52 (51.5) 101 (100) 

Age    

< 50 years old 23 (46.9) 29 (55.8) 52 (51.5) 

50+ years old 26 (53.1) 23 (44.2) 49 (48.5) 

Dental status    

Dentate 41 (83.7) 47 (90.4) 88 (87.1) 

Edentulous 8 (16.3) 5 (9.6) 13 (12.9) 

The GA and the CH were larger, but not significantly, on the left than on the right. 

RH was significantly higher on the right than on the left (p < 0.0001) (Table 8). 

Table 8. Gonial angles (GA) (in degrees) and ramus (RH) and condylar (CH) heights (in 

mm) of the mandible measured on CBCT scans. 

Measurement Mean (SD) p-value4  

Right  Left  

GA1 in degrees 125.83 (7.13) 126.04 (7.26) 0.56 

RH2 in mm 39.81 (4.75) 38.10 (5.78) < 0.00015 

CH3 in mm 6.81 (1.63) 7.03 (1.61) 0.10 

1 gonial angle, 2 ramus height, 3 condyle height, 4 independent samples t-test, 5 statistically significant at 

p < 0.05 

Right and left GA, RH, and CH in males were larger, but not significantly, in 

edentulous than in dentate patients (Table 9). Female edentulous patients had a 

larger right and left GA. The RH and CH were greater in dentate females than in 

edentulous females and the difference was statistically significant in the case of the 

RH on the right side (p = 0.04) and CH on the left side (p = 0.001). 
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Table 9. Morphological features of the mandible according to dental status and gender. 

Group Male  Female 

Dentate 

Mean (SD) 

Edentulous 

Mean (SD) 

p-value Dentate 

Mean (SD) 

Edentulous 

Mean (SD) 

p-value 

Right GA 125.12 (7.76) 125.38 (7.19) 0.93  126.19 (6.91) 129.00 (3.32) 0.38 

Left GA 125.37 (7.73) 128.75 (6.71) 0.25  125.79 (7.16) 129.60 (4.16) 0.25 

Right RH 40.51 (4.04) 43.23 (4.80) 0.10  39.17 (4.99) 34.52 (2.16) 0.041 

Left RH 38.52 (5.88) 39.70 (5.28) 0.60  37.98 (5.86) 33.20 (3.27) 0.08 

Right CH 6.58 (1.44) 8.08 (1.03) 0.0081  6.87 (1.79) 5.94 (1.38) 0.27 

Left CH 6.92 (1.33) 8.19 (1.54) 0.021  7.08 (1.80) 5.54 (0.56) 0.0011 

1 statistically significant at p < 0.05 

The GA of males was smaller, but not significantly, than that of females (B = -1.52 

and -0.60 on the right and left sides), of younger patients than older patients (B = 

-1.95 and -1.88 on the right and left sides) and of dentate versus edentulous patients 

(B = -0.67 and -2.96) (Table 10). 

Table 10. Association between edentulousness, gender and age and changes in 

mandibular morphologic features. 

Group Right  Left 

B4 (95% CI5) p-value B4 (95% CI5) p-value 

GA1      

Males vs. females -1.52 (-4.35, 1.32) 0.29  -0.60 (-3.47, 2.27) 0.68 

< 50 yrs old vs. 50+ yrs old -1.95 (-4.84, 0.95) 0.18  -1.88 (-4.81, 1.05) 0.21 

Dentate vs. edentulous  -0.67 (-4.99, 3.66) 0.76  -2.96 (-7.34, 1.41) 0.18 

RH2      

Males vs. females 2.37 (0.54, 4.20) 0.016  1.44 (-0.83, 3.71) 0.21 

< 50 yrs old vs. 50+ yrs old 1.77 (-0.09, 3.64) 0.06  2.47 (0.15, 4.78) 0.046 

Dentate vs. edentulous  -0.31 (-3.10, 2.48) 0.83  0.44 (-3.01, 3.89) 0.80 

CH3      

Males vs. females -0.001 (-0.66, 0.65) 1.00  0.18 (-0.47, 0.83) 0.59 

< 50 yrs old vs. 50+ yrs old -0.12 (-0.79, 0.54) 0.72  -0.16 (-0.83, 0.50) 0.62 

Dentate vs. edentulous  -0.48 (-1.47, 0.52) 0.35  -0.08 (-1.07, 0.91) 0.87 

1 gonial angle, 2 ramus height, 3 condyle height, 4 regression estimates, 5 confidence interval, 6 statistically 

significant at p < 0.05 

The RH was longer in males and younger patients compared to females and older 

patients, respectively (B = 2.37 and 1.44 on the right and left sides), (B = 1.77 and 

2.47 on the right and left sides). These differences were significant between genders 

on the right side for the RH and by age on the left side (p = 0.01and 0.04). The CH 
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was smaller on both sides in younger (B = -0.12 and -0.16) and in dentate (B = -

0.48 and -0.08) subjects although none of these differences were statistically 

significant. 

5.3 Effect of TQ on the flexural strength, elastic modulus, surface 

roughness, and hardness of PMMA denture base material 

The flexural strength and elastic modulus decreased with addition of TQ powder to 

PMMA at high concentrations in comparison to specimens without TQ (Table 11). 

No significant difference was found in the flexural strength of groups A (0.5%), B 

(1%), and C (1.5%) and flexural modulus of groups A and B in comparison to the 

control group (p > 0.05). However, a significant decrease of flexural strength was 

found in groups D (2%), E (2.5%) and F (3%) (with more than 1.5% TQ) compared 

to the control group (p < 0.05), with the lowest value (34.60 ± 4.58 MPa) reported 

for group G (5% TQ). Among the TQ-modified specimens, flexural strength was 

not significantly changed in groups A (0.5%), B (1%) and C (1.5%) while it was 

significantly decreased in groups D (2%), E (2.5%), F (3%) and G (5%) as the TQ 

concentration increased. 

Table 11. Flexural strength and elastic modulus (MPa) of denture base material. Groups 

A, B, C, D, E, F and G represent PMMA with TQ concentrations 0.5%, 1%, 1.5%, 2%, 2.5%, 

3% and 5%, respectively. 

Group Flexural Strength  Elastic Modulus 

Mean ± SD SSD1 Mean ± SD SSD1 

Control 71.8  ± 3.4 D, E, F, G  2301.45  ± 26.94 C, D, E, F, G 

A 71.54  ± 2.6 D, E, F, G  2453.54  ± 19.54 B, C, D, E, F, G 

B 71.01 ± 1.99 D, E, F, G  2128.1  ± 17.76 A, C, D, E, F, G 

C 69.03 ± 2.1 A, D, E, F, G  1910.14  ± 22.07 A, B, D, E, F, G, Control 

D 64.23  ± 2.7 A, B, C, E, F, G, Control  1638.21  ± 23.21 A, B, C, E, F, G, Control 

E 58.65  ± 3.99 A, B, C, D, F, G, Control  1416.26  ± 19.27 A, B, C, D, F, G, Control 

F 47.89  ± 3.54 A, B, C, D, E, G, Control  1168.75  ± 13.76 A, B, C, D, E, G, Control 

G 34.60  ± 4.58 A, B, C, D, E, F, Control  901.15  ± 23.86 A, B, C, D, E, F, Control 

Multiple comparison tests for all pairwise differences between the means. 1 Statically significant difference 

from group p ≤ 0.050 

The Ra of PMMA modified with TQ at high concentrations was higher compared 

to conventional PMMA (Table 12). The difference in Ra of groups A (0.5%), B (1%) 

and C (1.5%) was not statistically significant compared to the control group 
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(p > 0.05), which shows that Ra did not significantly change with the addition of 

TQ at a low concentration. Ra values showed no statistically significant difference 

among A, B and C groups (0.5%, 1% and 1.5% respectively), while a significant 

decrease in Ra was found between them and the high concentration groups (D, E, 

F, and G) (2%, 2.5%, 3% and 5%, respectively). There was also a statistically 

significant difference among groups D, and E, F, G (p < 0.05). Ra increased with 

increased concentration of TQ; the lowest value was reported in group A 

(0.019 ± 0.009 μm) and the highest in group G (0.904 ± 0.007 μm). 

Surface hardness did not show significant difference among the tested groups 

A (0.5%), B (1%), and the control group (p > 0.05). The hardness of specimens 

containing TQ at more than 1% concentration was significantly decreased 

(p < 0.05). The values of surface hardness for the 0.5% TQ, 1% TQ and control 

groups was similar, whereas specimens with 1.5%–5% TQ presented significantly 

lower values (p < 0.05), with the lowest value recorded in group G (5%) 

(15.75 ± 1.6 VH). A significant difference was found among the means at high 

concentrations, implying that the incorporation of TQ alters surface hardness, 

which decreased as TQ concentrations increased. 

Table 12. Surface roughness (μm) and hardness (Vickers, VH) of denture base material. 

Groups A, B, C, D, E, F and G represent the PMMA with TQ concentrations 0,5%, 1%, 

1.5%, 2%, 2.5%, 3% and 5%, respectively. 

Group Surface Roughness (Ra)  Hardness (VH) 

Mean ± SD SSD1 Mean ± SD SSD1 

Control 0.015  ± 0.003 D, E, F, G  27.16  ± 3.7 C, D, E, F, G 

A 0.019  ± 0.009 D, E, F, G  26.42  ± 2.4 D, E, F, G 

B 0.023  ± 0.010 D, E, F, G  26.83  ± 1.4 C, D, E, F, G 

C 0.058  ± 0.012 D, E, F, G  25.25  ± 2.5 B, D, E, F, G, Control 

D 0.278  ± 0.006 A, B, C, E, F, G, Control  22.67  ± 2.3 A, B, C, E, F, G, Control 

E 0.569  ± 0.003 A, B, C, D, G, Control  20.79  ± 1.7 A, B, C, D, F, G, Control 

F 0.719  ± 0.006 A, B, C, D, G, Control  17.18  ± 2.7 A, B, C, D, E, Control 

G 0.904  ± 0.007 A, B, C, D, E, F, Control  15.75  ± 1.6 A, B, C, D, E, Control 

Multiple comparison tests for all pairwise differences between the means. 1 Statically significant difference 

from group p ≤ 0.05. 

SEM analysis assessed variation in the morphology of the fractured surface. 

Figures 7 and 8 shows the surface characteristics of specimens with different 

concentrations of TQ. Figure 7A (control group) shows smooth surface and 

irregularities, figure 7B (0.5% TQ) shows small voids that slightly appear with less 
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irregularities and figures 7C (1% TQ), and 7D (1.5% TQ) shows smooth surfaces 

with pores that increased in diameter. By increasing the TQ concentration, the voids 

increased in number and size as shown in figures 8E and 8F. A further increase in 

voids and disappearance of irregularities is shown in figures 8G and 8H; the smooth 

surface represents brittle fracture. The voids may be formed due to cluster 

formation of TQ particles which increased as the TQ concentration increased, 

leaving large voids. 

 

Fig. 7. SEM images of the surface characteristics of specimens with different 

concentrations of TQ. (A) Control group; (B) 0.5% TQ; (C) 1% TQ; (D) 1.5% TQ. 
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Fig. 8. SEM images of the surface characteristics of specimens with different 

concentrations of TQ. (E) 2% TQ; (F) 2.5% TQ; (G) 3% TQ; (H) 5% TQ. 

The average surface roughness values using parameters in two colors, red and blue, 

are shown in Figure 9. Red exhibits the peak’s height, while blue exhibits the 

valley’s depth, or deviation, from a mean line. The graduated colors between red 

and blue and readings for the top and bottom of this parameter represent the whole 

surface roughness. 
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Fig. 9. Representative surface roughness images. (A) Control group; (B) Acrylic resin 

specimen modified with 0.5% TQ; (C) Acrylic resin specimen modified with 1% TQ; (D) 

acrylic resin specimen modified with 1.5% TQ; (E) Acrylic resin specimen modified with 

2% TQ; (F) Acrylic resin specimen modified with 2.5% TQ; (G) Acrylic resin specimen 

modified with 3% TQ; (H) Acrylic resin specimen modified with 5% TQ. 
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5.4 Effect of NDs addition on C. albicans adhesion and surface 

characteristics of PMMA denture base material 

One way ANOVA test showed difference in Ra between the tested groups (F-value 

=149.089, P-value = 0.000). Tukey's Post hoc test showed that with the addition of 

NDs, surface roughness (Ra) was significantly reduced in comparison to the control 

group (p < 0.05) (Table 13). The control group presented the highest Ra value 

(0.129 ± 0.011 µm) and the 0.5% NDs group the lowest value (0.039 ± 0.009 µm). 

No significant difference of Ra was found between the 0.5% NDs and 1% NDs 

groups (p = 0.396). Significant differences were seen between the 0.5% NDs and 

1% NDs groups and the 1.5% NDs group (p < 0.05), which showed the highest Ra 

value of the NDs groups. 

Table 13. Surface roughness (Ra) (means and SDs) of the PMMA specimens with 

addition of different concentrations of NDs. 

Variable Control Concentration of nanodiamonds (NDs) 

0.5% NDs 1% NDs 1.5% NDs 

Ra (Mean ± SD) 0.129 ± 0.011 0.039 ± 0.009A 0.047 ± 0.007A 0.102 ± 0.017 

Tukey’s post hoc test (p < 0.05) indicate differences among NDs concentrations as shown by 

superscripts letter; the same letter indicates no significant difference. 

Figure 10 shows the color parameter that represents the average Ra values ranging 

from red at the parameter top to blue at the parameter bottom. Rough surfaces have 

peaks, valleys, and areas in between, red reveals the peaks while blue reveals the 

valley depth, and the interdigitated colors in between exhibit areas between the 

peaks and valleys. The graduated color of this parameter displays the whole surface 

roughness. 

Figure 11 shows SEM micrographs of the specimens’ surface with different 

concentrations of NDs at 5 000X magnification. Figure 11A of the control group 

displays high Ra having broad scattered pores with dimensions of 80 to 100 

microns and depth variations. With the addition of NDs the pores are filled; Figure 

11B (0.5% NDs) shows a compact morphology with small pores occupied by NDs 

measuring a few microns in diameter. Figures 11C (1% NDs) and 11D (1.5% NDs) 

show a smooth surface resulting from NDs filling the pores. Figure 11D shows 

loosely attached clusters of NDs on the surface of the specimens. 
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Fig. 11. SEM micrographs of the PMMA specimens' surface with different 

concentrations of NDs (5 000X magnification), (A) Unmodified specimens; (B) 0.5% NDs 

concentration; (C) 1% NDs concentration; (D) 1.5% NDs concentration. 

Table 14 shows the mean values of the contact angles in the tested groups against 

distilled water. One way ANOVA and Tukey's Post hoc tests showed nNo 

significant difference was found in contact angles between all the tested groups (F-

value = 11.025, p = 0.083) or between the control group and the ND-reinforced 

groups (p > 0.05) (Table 13). The highest contact angle value was found in the 1.5% 

NDs group (84.8 ± 1.62) and the lowest in the 0.5% NDs group (82.4 ± 1.8). 

One way ANOVA showed differences in C. albicans count between the tested 

groups for Neubauer (F-value = 21.36, P-value = 0.01) and CFU (F-value = 104.2, 

P-value = 0.0001)  tests. Table 15 shows the means and standard deviations of all 
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the tested groups regarding the Neubauer and CFU test. The C. albicans count in 

Neubauer test increased significantly in the control group versus the NDs groups 

(p < 0.05), with the lowest C. albicans count observed in the 1% NDs group 

(276.2 ± 34.47) (Table 15). Among the NDs groups, the 0.5% NDs group showed 

a significant difference compared with the 1% and 1.5% NDs groups, while the 1% 

NDs and 1.5% NDs groups showed no significant difference between them. 

Table 14. Contact angles (means and SDs) in the studied group of the PMMA specimens 

with addition of different concentrations of NDs. 

Variable Control Concentration of nanodiamonds (NDs) 

0.5% NDs 1% NDs 1.5% NDs 

Contact angle (Mean ± SD) 82.9 ± 3.14A 82.4 ± 1.8A 83 ± 1.63A 84.8 ± 1.62A 

Tukey’s post hoc test (p < 0.05) indicate differences among NDs concentrations as shown by 

superscripts letter; the same letter indicates no significant difference. 

Table 15. C. albicans count (means and SDs) in the studied group of the PMMA 

specimens with addition of different concentrations of NDs using Neubauer and Colony 

forming unit (CFU). 

Concentration of ND Neubauer CFU 

Control 2035.9 ± 121.03a 13212.0 ± 821.2A 

0.5% NDs 1039.4 ± 88.11b 7604.7 ± 310.97B 

1% NDs 276.2 ± 34.47c 2848.6 ± 187.8C 

1.5% NDs 303.3 ± 35.93cd 3602.0 ± 339.25CD 

Tukey’s post Hoc test (p < 0.05) indicate differences among NDs concentrations as shown by differences 

in superscripts letter vertically; the same letter indicates no significant difference. Lowercase refers to 

slide count test and uppercase to cell culture count. 

Similarly, the CFU method showed a significant increase in the C. albicans count 

in the control group compared to the NDs groups (p < 0.05), with the lowest CFU 

count found in the 1% NDs group (2848.6 ± 187.8) (Figure 12 C). In the NDs 

groups, the 0.5% NDs group showed a significant difference compared with the 1% 

and 1.5% NDs groups, while the 1% and 1.5% NDs groups showed no significant 

difference between them. The number of C. albicans observed with the CFU test 

decreased significantly with the addition of NDs, especially in the 1% and 1.5% 

NDs groups (Figure 12). 

The Neubauer and CFU test methods showed no statistically significant 

difference, which confirmed the effect of NDs against C. albicans, as their effect 

was approximately the same regardless of the concentration. 
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Fig. 12. Cultures of C. albicans colonies (A) with 0% NDs concentration; (B) 0.5% NDs 

concentration; (C) 1% NDs concentration; (D)1.5% NDs concentration. 
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6 Discussion 

6.1 Tooth loss and need for prosthetic treatment 

The present study is the first study conducted in Dammam, Saudi Arabia, to explore 

the percentage of tooth loss, prosthetic treatment and the effect of age, gender, 

general health and smoking among patients seeking treatment at the College of 

Dentistry. 

The data regarding this problem is still limited in Arabic countries. Patients 

come from both urban and rural areas to the College of Dentistry, University of 

Dammam, currently Imam Abdulrahman Bin Faisal University, in the Eastern 

Province of Saudi Arabia. The number of participants in the present study is close 

to that included in previous studies (Al-Dwairi, 2010; Ibiyemi & Idiga, 2017; 

Khalifa et al., 2012; Nadya et al., 2005). 

The results showed that 6% of the patients were completely edentulous and the 

prevalence of edentulousness was higher in older patients than in younger ones. 

The study included adult patients (25 years and older) and the relatively low 

percentage of edentulousness here may be explained by the small number of 

patients above 65 years. Contrary to the present results, a high percentage of 

edentulousness (17%) was reported in a study conducted in Al-Ahsa, in the Eastern 

Province of Saudi Arabia (Nadya et al., 2005). The study was conducted in a dental 

center where patients were referred for advanced treatment such as complete 

denture fabrication, which may explain the high percentage of edentulousness. 

However, Saudi Arabia is a high-income country and dental treatment is provided 

to all residents either through government hospitals or through the obligatory 

medical insurance covering workers and their families. 

In the present study, 29% of patients above 65 years were edentulous, which is 

in accordance with previous studies conducted in Spain and in Finland (Eustaquio-

Raga et al. 2013; Haikola et al., 2008). The results showed that patients with a 

single edentulous jaw represented 8% of the study group and the maxilla was more 

often edentulous than the mandible, as noted in previous studies (Mamai-Homata 

et al., 2012; Muller et al., 2007). 

In the present study, a higher percentage of edentulousness was seen among 

males than among females, in line with the previous studies in Finland and Sweden 

(Olofsson, Ulander, Gustafson, & Hörnsten, 2018), Spain (Eustaquio-Raga el al., 

2013), Brazil (De Marchi et al., 2012), Nigeria (Taiwo & Omokhodion, 2006) and 
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in Al-Ahsa, Saudi Arabia (Nadya et al., 2005). Similar findings were noted earlier 

concerning adolescents in Dammam (Atieh, 2008) and in different age groups 

conducted in other regions of Saudi Arabia (Al-Ghannam, Al-Shammery, Wyne, & 

Khan, 2002; Al-Shammery, Backly, & Guile, 1998). Al Dwairi (2010) found that 

more males required complete dentures compared to females in patients above 31 

years in a study conducted at a Jordanian University hospital (Al-Dwairi, 2010). 

The higher prevalence of edentulousness in males might be caused by the higher 

prevalence of periodontal diseases compared to females (Albandar, 2002; Oliver & 

Brown, 2000). On the other hand, a higher percentage of edentulousness among 

females than among males has also been reported (Haikola et al., 2008; Hewlett et 

al., 2015; Russell et al., 2013), as well as no difference between genders in India 

(Reddy et al., 2012) and in New England in the US (Marcus, Joshi, Jones, & 

Morgano, 1996 b). Another factor could be the lower percentage of females 

compared to males participating in the study because most women in Saudi Arabia 

depend on men to take them for treatment. 

Al-Ghannam et al. suggested that the low level of tooth loss in females is due 

to greater concern with esthetics and that females take care of their teeth more than 

males (Al-Ghannam et al., 2002). In addition, the gap between males and females 

regarding tooth loss has decreased due to improvement in women’s health and 

education as well as cultural and social changes in developing countries resulting 

in smaller differences between the genders in 2010 (Kassebaum et al., 2014). 

The results here demonstrated that 74% of the adults above 25 years had 

missing teeth. These findings are in line with the previous studies in India (Prabhu, 

Kumar, D'Souza, & Hegde, 2009) and Sudan (Khalifa et al., 2012), and higher than 

in an elderly population in Nigeria (Ibiyemi & Idiga, 2017). In the present study, 

the average number of missing teeth was 6.5 and more than half of the patients had 

only 1–5 missing teeth, in line with Nigerian elderly population (Ibiyemi & Idiga, 

2017; Taiwo & Omokhodion, 2006). This is, however, higher than in Sudan, where 

93% of the patients had more than 21 teeth (Khalifa et al., 2012). In this study, 

around 75% of the study group had more than 20 teeth. It has been presented that 

the presence of 20 teeth in the oral cavity provides a functional dentition (Kayser, 

1990). The present study showed a significant correlation between age and number 

of missing teeth also noted in other studies (De Marchi et al., 2012; Ibiyemi & Idiga, 

2017; Marcus, Drury, Brown, & Zion, 1996 a). The prevalence of oral and systemic 

diseases increases in older age, resulting in higher prevalence of tooth loss (Avlund, 

Holm‐Pedersen, & Schroll, 2001). 
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In the present study, diabetes was significantly correlated with complete 

edentulousness and edentulousness in a single jaw. Diabetic patients are more 

affected by periodontal diseases and consequently, at higher risk of partial or 

complete tooth loss compared to non-diabetic patients (Patel, Kumar, & Moss, 

2013). However, no significant association was found between heart diseases or 

smoking and edentulousness or tooth loss. Our results agree with the reports of 

Aoyama et al. who found that Japanese diabetic patients with cardiovascular 

diseases had a greater number of missing teeth compared to patients having 

cardiovascular disease alone (Aoyama et al., 2018). In line with our results, no 

association between smoking/tobacco use and tooth loss has been reported 

(Eustaquio-Raga et al., 2013; Hewlett et al., 2015), but on the contrary, a correlation 

between smoking/tobacco use and tooth loss has been found in several studies 

(Albandar, Streckfus, Adesanya, & Winn, 2000; De Marchi et al., 2012; Similä & 

Virtanen 2015, Similä, Auvinen, Timonen, Virtanen 2016). Natto et al. reported that 

smoking in old people increased their risk of tooth loss compared to non-smokers 

(Natto, Aladmawy, Alasqah, & Papas, 2014). The small sample size and low 

number of smokers included in the study might be the reason for the insignificant 

association between tooth loss and smoking. 

In the present study, the location of tooth loss in the mandible and maxilla was 

evaluated according to Kennedy classification. The incidence of different Kennedy 

classes has shown diversity in the literature (Curtis, Curtis, Wagnild, & Finzen, 

1992; Fayad, Baig, & Alrawaili, 2016). This might be caused by variation in the 

methodologies used as well as differences between the studied populations. The 

results showed that Kennedy class III was the most common class of partial 

edentulousness in both arches, followed by classes II, I and IV, which is in 

accordance with the earlier studies (AL-Dwairi, 2006; Araby, Almutairy, & Alotaibi, 

2017; Prabhu et al., 2009). In line with our results, some studies reported Kennedy 

class III as the most common class seen in the maxilla and the mandible (Charyeva, 

Altynbekov, & Nysanova, 2012; Shinawi, 2012). Also, in Saudi Arabia, several 

studies have reported Kennedy class III to be the most prevalent and class IV the 

least common type of partial edentulousness (Akeel, 2010; Araby et al., 2017; 

Fayad et al., 2016; Idowu & Al-Shamrani, 1995; Sadig & Idowu, 2002; Shinawi, 

2012). Al Moaleem et al. reported Kennedy class III as the most frequent in males, 

while class I was the most common in females (Al Moaleem et al., 2016). On the 

other hand, Kennedy class I has been reported as the most prevalent class of partial 

edentulousness, followed by class II, III and IV (Curtis et al., 1992; Gad et al., 

2020), while Kennedy class IV was reported to be the most common by Bassey 
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(1985). For Kennedy class III cases, FPDs were fabricated significantly more often 

than RPDs, while for Kennedy classes I and II, RPDs were more frequently made 

than FPDs. This result is logical since in Kennedy class III cases, bounded 

edentulous areas could be resorted by FPD. 

In general, the need for prosthetic treatment is expected to increase due to 

increased percentage of individuals living to older age (Reddy et al., 2012). Also, 

the availability of dental service, trained dentists, and the cost of treatment could 

make patients choose extraction of decayed teeth (Kida et al., 2006). The patients 

in the current study were treated in the University dental hospital which provides 

free treatment, and accordingly, the cost of treatment was not a factor that 

influenced the selection of prosthesis. 

6.2 Influence of tooth loss on mandibular morphology 

The present results showed a larger GA in edentulous patients than in dentate 

patients and in females than in males, which is in line with previous studies 

(Huumonen et al., 2010; Joo et al., 2013; Sairam et al., 2018; Tozoğlu & Çakur, 

2014). Raustia and Salonen, however, did not find a significant difference between 

gender and the size of the GA (Raustia & Salonen, 1997). On the other hand, some 

studies have reported no correlation between enlargement of GA and 

edentulousness (Aragão et al., 2014; Okşayan et al., 2014). 

It has been presented that tooth loss has a great influence on mandibular 

morphology such as gonial angle, ramus height and condylar height. Casey and 

Emrich stated that changes in GA are associated with old age in the case of tooth 

loss (Casey & Emrich, 1988), but Fish mentioned that age and tooth loss are not 

the only causative factors that alter the GA (Fish, 1979). Tooth loss is associated 

with decreased density and strength of contraction of the masticatory muscles 

(Raustia et al., 1996). The shape of the GA is affected by the function of masticatory 

muscles, therefore reduction in muscle activity is associated with enlargement of 

the GA and contrarywise (Potgieter et al., 1983; Joo et al., 2013). 

In the present study, GA and CH were greater on the left than on the right side, 

but the difference was not significant. RH was significantly greater on the right side 

than on the left side. This result partly agrees with Raustia and Salonen who 

reported a significantly smaller GA on the right side that negatively correlated with 

the RH, which could be related to using the right side more frequently for 

mastication (Raustia & Salonen, 1997). Similarly, Huumonen et al. found the right 

RH to be significantly greater in edentulous and dentate women as well as in 
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dentate men (Huumonen et al., 2010). On the other hand, some studies have not 

found a significant difference between the size of the right and left GA (Leversha 

et al., 2016; Tozoğlu & Çakur, 2014). 

The RH was significantly larger in males compared to females on the right side 

as noted earlier as well (Joo et al., 2013). However, Raustia and Salonen did not 

find a correlation between RH and gender (Raustia & Salonen, 1997). RH was 

greater in edentulous male patients than in dentate males, but this difference was 

not statistically significant. On the other hand, dentate females had greater RH than 

edentulous females, and the difference was statistically significant for the right RH. 

This result partly agrees with the results of Huumonen et al. who found a smaller 

RH in edentulous patients aged 60 or older compared to dentate patients. 

(Huumonen et al., 2010). In addition, Joo et al. and Okşayan et al. reported a 

decrease of the RH mean value in edentulous patients compared to dentate patients 

(Joo et al., 2013; Okşayan et al., 2014). On the contrary, some studies have found 

larger RH in edentulous compared to dentate mandible (Hutchinson, Farella, & 

Kramer, 2015; Sairam et al., 2018). 

The present study did not show a significant difference in the CH between right 

or left sides, but the CH was shorter in younger than in older patients and in dentate 

than in edentulous patients, which agrees with the results of Huumonen et al. and 

Sairam et al. (Huumonen et al., 2010; Sairam et al., 2018). On the other hand, no 

differences in CH between edentulous and dentate individuals have also been 

reported (Joo et al., 2013; Okşayan et al., 2014). CH was not found to be correlated 

with gender, which is in accordance with the results by Joo et al. and Raustia and 

Salonen (Joo et al., 2013; Raustia & Salonen, 1997). However, CH was 

significantly greater in edentulous males compared to dentate ones, and on the 

contrary, among females the CH was greater in dentate than in edentulous females, 

and the difference was statistically significant in the left CH. 

6.3 Reinforcement of denture base material 

Producing a denture base material with antimicrobial activity could help in 

reducing the problem of DS and enhance the oral health of many patients. Several 

materials have shown antimicrobial effect when added to PMMA, such as silver 

(Casemiro et al., 2008) and fluoridated glass filler (Al-Bakri et al., 2014). 

Natural extracts have shown a significant effect in combating microbial and 

fungal adhesion but they may adversely affect the mechanical and physical 

properties of acrylic resin (Gad et al., 2018; Hamid et al., 2019). Addition of neem 
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powder to denture base resin reduced C. albicans adhesion (Hamid et al., 2019). 

Nawasrah et al. found that a natural antimicrobial agent (Henna) was able to reduce 

C. albicans proliferation on denture surface and consequently prevent DS 

(Nawasrah et al., 2016). Similarly, Al-Thobity et al. reported antifungal activity of 

TQ, which is the major ingredient in Nigella sativa seed essential oil (Al-Thobity 

et al., 2017). 

The results of the present study showed that addition of TQ at low 

concentrations (0.5%, 1% TQ) did not affect the flexural and surface properties of 

PMMA. Hence, the null hypothesis of the study was partially accepted. In line with 

our results, Albarrag et al. found that in addition to the antifungal effect of Nigella 

sativa extract, it did not deteriorate the mechanical properties of PMMA (Albarrag 

et al., 2017). A significant reduction of C. albicans count was also observed at low 

TQ concentrations of 0.5% and 1% with a negative correlation between C. albicans 

count and TQ concentration (Al-Thobity et al., 2017). However, the longevity of 

their antimicrobial action has not been confirmed. 

Denture base material should have adequate flexural strength and elastic 

modulus to resist fracture or permanent deformation that may occur during 

mastication due to flexural loading, particularly at the midline (Diaz et al., 2008). 

The mean values of flexural strength of PMMA with added TQ up to 1.5% comply 

with ADA Specification no. 12 (65 MPa) (Council on Dental Materials and Devices, 

1975). The elastic modulus was significantly reduced with the addition of TQ above 

1% and was below the minimum value (2000 MPa) described by ADA specification 

No.12 (Council on Dental Materials and Devices, 1975). 

The significant reduction of flexural strength with increased concentration of 

TQ above 1.5% could have resulted from clustering of TQ, lack of bond between 

TQ and PMMA, or increased level of residual monomer. Previous studies have 

reported similar findings of deteriorated mechanical properties of PMMA with 

increased concentration of the added filler above a certain limit. Regis et al. 

reported a significant reduction of flexural strength with the addition of an 

antimicrobial agent (methacryloyloxy dodecylpyridinium bromide) to PMMA, 

particularly at high concentration (Regis et al., 2011). The addition of henna to 

PMMA showed a significant increase of surface roughness and decreased surface 

hardness (Nawasrah, Gad, & El Zayat, 2018). Gad et al. found a significant 

reduction of flexural strength with addition of henna to PMMA, and this reduction 

increased with increasing henna concentration (Gad, Rahoma, Nawasra, & Ammar, 

2018). 
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Denture base material should have a smooth surface to reduce microbial 

adhesion (Radford et al., 1998). The present study found that addition of TQ at a 

concentration above 1.5% caused a significant increase of Ra. Also, the mean value 

of Ra was above the clinically accepted value 0.2 μm, while at concentration below 

1.5% the Ra was acceptable. The increased Ra with increased TQ concentration 

could result from the detachment of resulted clusters after finishing and polishing, 

creating voids. Similarly, Compagnoni et al. reported increased Ra of PMMA after 

the addition of 10% of antimicrobial polymer (poly[2-tert-butylaminoethyl] 

methacrylate (Compagnoni et al., 2014). In agreement with our results, Nawasrah 

et al. reported an increase in Ra with increased henna concentration, while at a 

concentration of 5% or below, the Ra value complied with the clinically accepted 

value (Nawasrah et al., 2018). 

Denture base material is required to have acceptable hardness to avoid denture 

wear and abrasion (Consani, et al, 2016). The results showed that addition of TQ at 

a concentration of 1% or less did not result in significant change of surface hardness 

but at higher concentration the surface hardness was significantly decreased. The 

reason for this could be the increased amount of residual monomer due to 

incomplete polymerization of acrylic resin that may occur with increased 

concentration of TQ. It has been suggested that the mechanical properties of 

PMMA are adversely affected by increased levels of residual monomer through a 

plasticizing effect (Aydogan Ayaz, Durkan, & Bagis, 2013). Another explanation is 

that addition of TQ above a certain limit makes acrylic resin impure and weakened. 

Previous studies have also revealed reduction of surface hardness of acrylic resin 

with addition of antimicrobial monomers or henna (Regis et al., 2011). 

Finally, PMMA with added TQ at a concentration below or equal to 1.5% did 

not alter the flexural strength or the surface roughness of the resin while at higher 

concentration, significant reduction of the aforementioned properties was seen. The 

surface hardness was significantly decreased at concentration above 1% TQ. 

6.4 Effect of nanofillers on PMMA 

The reinforcements of denture base resin have been investigated to improve the 

physical and mechanical properties as well as to achieve the antifungal activity 

(Gad et al., 2017b). Recently, thanks to advances in nanotechnology, nanoparticles 

have been used as fillers for reinforcement of PMMA, and improvement of the 

mechanical properties of PMMA and its antifungal activity using several 

nanofillers has been reported (Gad et al., 2017b). Incorporating an antifungal filler 
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to denture base resin could have a significant effect in combating fungal adhesion 

and DS. This antifungal property of denture base material could be very helpful to 

many denture wearers, especially older people and patients with neuromuscular 

deficiency. 

Al Harbi et al. reported that the addition of NDs at a low concentration, 0.5%, 

improved the flexural strength and surface roughness of PMMA while the impact 

strength was decreased (Al-Harbi et al., 2019). Similarly, improvement of the 

mechanical properties of auto-polymerized PMMA (Protopapa, Kontonasaki, 

Bikiaris, Paraskevopoulos, & Koidis, 2011) at even lower concentrations of NDs 

(0.1%–0.5%) has been reported (Mangal, Kim, Seo, Kwon, & Choi, 2019). The 

effect of NDs on heat-polymerized PMMA has been tested in a single previous 

study showing improvement of some of the mechanical properties (Al-Harbi et al. 

2019). 

NDs possesses the superior properties of diamond; they are biocompatible and 

chemically stable, in addition to their thermal conductivity and high strength 

(Mochalin et al., 2012). Their fine dispersion within the resin matrix and rich 

surface chemistry makes them good fillers for PMMA. They have several reactive 

groups (for example NH2, OH) that strengthen the bond with PMMA (Maitra et al., 

2009). In addition, NDs have been shown to have antibacterial activity which 

enables their use in the dental field (Khanal et al., 2015; Lee et.al., 2015; Mochalin 

et al., 2012; Najeeb et.al., 2016). Therefore, NDs could be suitable nanofillers for 

PMMA. In addition to improvement of the mechanical properties of the resin, 

reduced fungal adhesion of NDs has been reported (Mangal et al., 2019; Protopapa 

et al., 2011). Their effect on heat-polymerized PMMA was tested in a single 

previous study which showed improvement of some of the mechanical properties 

(Al-Harbi et al., 2019). Their antibacterial activity might have resulted from the 

presence of oxygen-derived groups on their surface that interact with components 

of bacterial cells, causing their death (Khanal et al., 2015; Wehling et al., 2014). 

The addition of NDs in the current study revealed reduction of C. albicans adhesion 

compared to pure PMMA. The addition of 1% NDs was associated with the lowest 

C. albicans count among the NDs groups. To the author’s knowledge, the 

correlation between C. albicans adhesion and addition of NDs to heat-cured resin 

has not been investigated previously. However, a recent study found that addition 

of NDs to auto-polymerized PMMA at concentrations between 0.1–0.5 wt% 

significantly improved fungal resistance compared to pure resin and resin modified 

with 5 wt% zirconium oxide nanoparticles (Mangal et al., 2019). 
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In accordance with our results, previous studies have reported antibacterial 

activity of NDs (Khanal et al., 2015; Mochalin et al., 2012). This antibacterial effect 

could result from the nanoparticles surrounding and blocking the bacterial cells 

functions, the presence of partially oxidized and negatively charged surface 

functions, or their antiadhesive property that prevents biofilm formation (Khanal et 

al., 2015; Lee et al., 2015; Wehling et al., 2014). Another reason for the reduction 

of C. albicans count with NDs addition could be the reduced Ra observed in the 

ND-reinforced specimens. High Ra correlates with increased microbial adhesion 

because more surface area is available for microbial colonization (Morgan & 

Wilson, 2001). 

The results showed lower Ra of ND-reinforced PMMA compared with pure 

resin, which showed the highest Ra value. The SEM analysis revealed improvement 

of the surface structure of tested specimens due to pores being filled with NDs. The 

reduced Ra might have resulted from the small size of the added NDs that reduced 

the interparticle distance (Elshereksi, Ghazali, Muchtar, & Azhari, 2017). Another 

reason could be the bond formation between PMMA and reactive groups of NDs 

(NH2 and OH) (Maitra et al., 2009). Our results are in line with previous studies 

that have reported lower porosity, lower surface roughness and improved polished 

surfaces of nanocomposites (Elshereksi et al., 2017; Lainović et al., 2013). The 

reduction of Ra of NDs specimens might also have resulted from the smoother 

polished surfaces caused by the presence of nanofillers in the resin (Lainović et al., 

2013). On the contrary, a previous study found increased Ra in nanofilled PMMA, 

but it was below clinically acceptable value (Aljafery & Basima, 2015). Mangal et 

al. did not find a significant difference between Ra of auto-polymerized PMMA 

reinforced with NDs (0.1–0.5 wt%) and pure PMMA (Mangal et al., 2019). 

The results showed an increase in Ra with high NDs concentration (1.5%), but 

Ra was still below the value of the control group and 0.2 μm, which is the clinically 

acceptable Ra value. The explanation could be that while the concentration of NDs 

increases, saturation occurs with the added nanofiller, and clusters are formed on 

the surface. After finishing and polishing procedures, these clusters are separated 

from the surface causing the observed increase in Ra at high ND concentration. 

The effect of contact angle on microbial adhesion has shown diversity in 

previous studies. It has been suggested that increased contact angle would increase 

surface hydrophobicity and microbial adhesion (Sipahi, Anil, & Bayramli, 2001). 

Some studies have reported a correlation between changes in contact angle and 

microbial adhesion (Lazarin et al., 2013; Zamperini et al., 2010), while others have 

found an association between microbial adhesion and Ra, which is in agreement 



 

72 

with our results (Murat, Alp, Alatalı, & Uzun, 2019; Serrano-Granger, Cerero-

Lapiedra, Campo-Trapero, & Del, 2005). The addition of NDs did not show a 

significant change in contact angle compared to pure PMMA specimens in the 

current study. This result differs from previous studies reporting increased 

hydrophilicity and reduced microbial adhesion in PMMA reinforced with 

nanographene oxide or zinc oxide polymethyl methacrylate nanocomposites 

(Cierech et al., 2018; Lee et al., 2018). Wady et al. found that addition of silver 

nanoparticles reduced hydrophobicity of denture base resin with unchanged 

microbial adhesion (Wady et al., 2012). Mangal et al. found that addition of 0.1% 

NDs to auto-polymerized PMMA did not cause a significant change in contact 

angle in comparison with unmodified resin, but the contact angle decreased with 

increased ND concentration (Mangal et al., 2019). 

In addition to the favorable effect of NDs on the mechanical properties of heat-

cured PMMA (Al-Harbi et al., 2019), NDs could also effectively reduce C. albicans 

adhesion, which has important clinical implications in combating DS. However, 

color change was observed at high NDs concentration, which may limit its use. 

However, it could be added to tissue conditioners to benefit from its antifungal 

activity. Further studies are needed to test the effect of lower concentration of NDs 

on more than one type of denture base resin, as well as to evaluate the long-term 

effect of NDs on C. albicans adhesion. 

6.5 Strengths and limitations 

The clinical studies (Study I and II) provide valuable information of the prevalence 

of tooth loss, dental treatment needs and common prosthetic treatment methods 

among adult Saudi patients. Very few studies have been conducted in this field in 

Saudi Arabia. The subjects in these cross-sectional retrospective studies consisted 

of patients of the College of Dentistry, Iman Abdulrahman Bin Faisal University, 

Dammam, and thus do not represent the whole Saudi population. Age was 

significantly correlated with edentulousness, but not with gender, although the 

number of missing teeth was significantly higher in males than in females. Tooth 

loss was associated with changes in mandibular morphology and saving teeth 

would help avoid these irreversible changes. Patients having Kennedy class I and/or 

class II were most often treated with RPDs. These findings may be used for 

planning and development of treatment in Saudi Arabia. 

The studies utilized panoramic radiographs, CBCT scans and comprehensive 

patient records. In Study I, the number of missing teeth and state of tooth loss were 
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recorded by analyzing panoramic radiographs and were performed by one person 

(SF) so that inter-examiner error was excluded. In Study II, CBCT scans were used 

for digital measurements of mandibular morphology due to CBCT’s higher 

accuracy in comparison to conventional radiographs. However, because the 

technique is not commonly used for all patients, the sample size was limited, which 

might have influenced the findings. 

Study III was conducted in vitro differing from the oral environment due to 

lack of dynamic movements, lack of saliva with prospective pH, and the presence 

of other microorganisms. The effect of TQ addition on mechanical and physical 

properties of PMMA had not been tested previously and the study included several 

concentrations of TQ; however, only one type of denture base material was used. 

 The strengths of in vitro Study IV were including two methods of assessment 

of C. albicans count and the use of SEM to investigate the surface properties of the 

specimens reinforced with NDs. The limitations included testing the specimens in 

conditions that did not simulate the oral cavity in terms of thermal and pH changes 

as well as the presence of other microbes and saliva. Only one type of PMMA and 

the adhesion of one microbe (C. albicans) was tested. 
  



 

74 

 



 

75 

7 Summary and conclusions 

The results of the present study including participants from various areas of the 

Eastern Province of Saudi Arabia showed the prevalence of tooth loss and need of 

prosthetic rehabilitation, and the results are likely to be representative for the 

Arabic population. However, further investigations are required to evaluate the 

effect of the duration of tooth loss and the location of missing teeth and their effects 

on mandibular morphology. Studies including higher numbers of participants are 

needed to investigate the use of dental implants in restoring edentulous arches. 

Further studies are required to evaluate the antifungal activity and the long-term 

effect of TQ at lower concentrations and its effect on the mechanical properties of 

PMMA in conditions simulating the oral environment in addition to in vivo studies. 

The effect of NDs at lower concentration and the longevity of their effect on 

C. albicans adhesion in different types of PMMA needs further investigation. 

Incorporating an antifungal filler to denture base resin could have a significant 

effect in combating fungal adhesion and denture stomatitis. This antifungal 

property of denture base material could be very helpful to denture wearers, 

especially older people and patients with neuromuscular deficiency. 
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