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Management: Design Concepts and Advanced Strategies to Modulate Dysbiotic Patient-

derived Biofilms     
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Dissertation Directed by: Dr. Mary Anne S. Melo, DDS, M.Sc, Ph.D., FADM, Associate 

Professor, Interim Department Chair, Director of Operative Dentistry Division, 

Department of General Dentistry, University of Maryland School of Dentistry, Baltimore, 

MD, USA and Huakun Xu, MS, Ph.D., MS, Professor, Director, Biomaterials and Tissue 

Engineering Division, Department of Advanced Oral Sciences and Therapeutics, 

University of Maryland School of Dentistry, Baltimore, MD, USA 

 

Committee Members: Mary Anne Melo D.D.S, M.Sc., Ph.D., FADM, Huakun Xu, MS, 

Ph.D.; Michael D. Weir, Ph.D.; Pei Feng, MD, Ph.D.; Mary Ann Jabra-Rizk, Ph.D.; Jirun 

Sun, Ph.D. 

 

The distinctive challenges associated with root caries demand innovative 

interventions to preserve the tooth structure and surrounding soft tissues. This dissertation 

is composed of a set of manuscripts aiming to advance the anti-biofilm approaches to 

prevent root caries from two perspectives: (i) invasive approach via novel bioactive resin 

composites, and (ii) non-invasive approach via magnetic field-guided antimicrobial 

photodynamic therapy (MF-aPDT). The first chapter provided a general introduction 
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concerning the clinical burden of root caries, current treatment modalities, and their 

limitations. In the second chapter, I provided an overview of contact-killing monomers and 

bioactive fillers in restorative dentistry. Then, in chapter three, we developed bioactive 

resin composite formulations containing dimethylaminohexadecyl methacrylate 

(DMAHDM) antibacterial monomer and 20% nano-sized amorphous calcium phosphate 

(NACP) and subjected them to a series of mechanical/physical tests and antibacterial 

assays. We found that the DMAHDM-NACP resin composites were associated with a 

potent antibacterial action against cariogenic and periodontal biofilms, as 2 to 6-log 

reduction was observed. Other virulence factors, as lactic acid production, and 

polysaccharide production, were also reduced. The mechanical properties, physical 

characteristics, surface features, and polymerization behavior were comparable to the 

commercial control at baseline testing and after one year of aging. We concluded that the 

designed bioactive formulations might present a pathway to preven recurrent caries and the 

onset of periodontal diseases around dental restorations. In chapter four, we reviewed the 

most recent updates related to the implementation of nanotechnology to enhance 

antimicrobial photodynamic therapy (aPDT). Then, in chapter five, we investigated the 

impact of encapsulating superparamagnetic iron oxide nanoparticles (SPIONs) and 

toluidine blue ortho (TBO) inside a microemulsion, named MagTBO, to enhance the 

TBO’s penetration and antibacterial action against S. mutans and saliva-derived biofilms. 

Besides, the ability of magnetic field (MF) navigation to serve as a biofilm penetration 

strategy was also investigated. The MagTBO microemulsions were synthesized 

successfully and demonstrated excellent biocompatibility and thermodynamic stabilities. 

Furthermore, the MagTBO microemulsions demonstrated more remarkable and significant 
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antibacterial action than conventional aPDT, especially when the MF is applied. Thus, this 

approach can be an adjunctive technique to control dental caries and other oral diseases.   
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CHAPTER ONE:  

General Introduction 

1.1. Background  

Establishing the oral bacteria within a biofilm is essential for the etiology of root 

caries and periodontitis 1. Bacterial biofilms embedded within a matrix of extracellular 

polysaccharides (EPS) are more than 1,000 times less sensitive to antimicrobial agents than 

planktonic bacteria 2,3. The formation of plaque biofilms around the root can be facilitated 

by natural retention means such as cementoenamel junction and mesial/distal concavities, 

which can complicate the removal of attached biofilms by regular oral hygiene practice 4. 

Reports in the literature have stated a temporal relationship between changes in biofilms 

composition and demineralization following exposure to sucrose 5. As the cariogenic 

biofilm becomes mature, some acidogenic and aciduric bacteria dominate within the 

biofilm bacterial community. Mature and thick biofilm shows a well-developed EPS-

matrix and bacterial cell clusters or micro-colonies with the uneven spatial distribution of 

vital and dead microorganisms 6,7. The mature biofilm mimics the clinical scenario of 

cervical retentive areas where the biofilm is difficult to be removed, especially in high 

caries-risk elderly patients.  

Anatomically, root caries lesions have a close relationship with the surrounding 

periodontium. It is not only that periodontal diseases and gingival recession are involved 

in the incidence of root caries, but also root caries may lead to periodontal destruction by 

causing endodontic-periodontic lesions 8. Like coronal caries, Root caries occurs following 

the prevalence of demineralization over the remineralization factors 9. Root caries has 

unique characteristics compared to enamel caries. First, the exposed root surface is mainly 
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composed of dentin, which has fewer minerals than enamel, making the critical pH required 

to induce demineralization higher than coronal enamel 10. Therefore, nutrients that are non-

cariogenic for enamel could be cariogenic for root dentin, making root caries 

microorganisms less dependent on carbohydrates than coronal caries microorganisms 11. 

Also, root dentin is located close to the gingival margin and cementoenamel junction, 

which are plaque stagnation areas that accelerate the accumulation of plaque 12. Finally, 

root dentin has host-protease factors, which in response to the bacterial acid attack can 

induce collagen degradation providing micro-cavities that facilitate the invasion of the 

bacteria 13. All these challenges associated with root caries complicate the prevention and 

treatment of such lesions. Root caries can also develop subgingivally without gingival 

recession by the progression of coronal cervical caries 14.  

Older adults face several medical and dental challenges due to the alteration of the 

immune system and decreased mental and physical capabilities, which may exaggerate the 

destruction caused by root caries and periodontal diseases 15. Aging also is associated with 

several systematic disorders that require the utilization of many hyposalivation-induced 

medications. The lack of salivary flow can cause serious complications, as saliva has 

several immune factors that play important roles against dental caries 16. Also, saliva has 

washing and buffering capabilities, which can physically clean the tooth and neutralize the 

pH inside the oral cavity 16. The lack of these advantages due to hyposalivation may 

increase the opportunities of cariogenic species to cause dental caries 17. The same factors 

may contribute to causing periodontal diseases. Altered immunity, hyposalivation, and 

physical disability may increase the incidence of periodontal diseases and gingival 

recession 18. Autoimmune diseases associated with aging can also accelerate the 
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destruction of periodontal tissues due to the overreaction of the immune cells against 

periodontal pathogens toxins 19. The incidence of dental caries can subsequently lead to 

periodontal diseases and vice versa. Dental caries at the gingival margins can create a 

plaque stagnation area that irritates the periodontal tissues and enhances the growth of 

periodontal pathogens. While periodontal diseases followed by the gingival recession can 

expose the tooth's root surface, getting the root at high risk of caries 8,20.  

The dental literature has established the correlation between periodontal diseases 

and root caries as 20% of patients referred for periodontal treatment were also diagnosed 

with root caries 8. Root caries may also compromise the prognosis of periodontal therapy 

21. It is essential to point out that gingival recession can occur in individuals with good oral 

hygiene due to other factors such as aggressive tooth brushing, traumatic occlusion, the 

presence of alveolar bone dehiscence, or large frenal attachment 20. It has been calling 

attention that the interrelationship between root caries and periodontal diseases is not often 

considered in the clinical trials investigations 22. Therefore, there is increasing demand for 

strategies that diminish the pathogenicity of root caries and periodontal diseases. The 

development of such approaches may enhance the overall oral hygiene for individuals 

exposed to root surfaces, ongoing periodontal diseases, or at high risk of getting root caries 

or periodontal diseases. 

 

1.2. Current Treatment Modalities and Their Limitations 

Currently, root caries lesions can be managed with Class V restorations, whose 

margins are often subgingival 23. The subgingival location, in turn, is not clinically 

desirable due to difficulty in cleaning and increased biofilm accumulation, which trigger 
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the development of periodontitis 24,25. Resin composites as chosen material for treating root 

caries lesions have no antibacterial function and instead may even accumulate more 

biofilms/plaques compared to other restorations. Resin composite located subgingivally is 

a relevant risk factor for the development of secondary caries and periodontitis 26,27. With 

this clinical condition in mind, resin composites with antibacterial properties have been 

developed to minimize the formation of biofilms over dental materials. Incorporating 

antibacterial or neutralizing fillers has shown promising results in vitro in reducing the 

growth of cariogenic bacteria and remineralizing the tooth structure 28. The drawbacks of 

antibacterial/neutralizing fillers are related to the exhaustion of the antibacterial effect and 

its detrimental consequence for the long-term mechanical performance of these materials. 

Materials with high mechanical properties may reveal a significant decay after physical or 

water aging, especially these materials with ion release behavior. It is unknown if the 

release of ions could compromise the mechanical properties and accelerate the failure of 

such restoration 29. 

Another pathway for imparting antibacterial response to resin-based materials is 

the incorporation of quaternary ammonium methacrylates (QAMs) 30,31. QAMs are 

effective against a broad spectrum of microbes such as gram-positive and gram-negative 

bacteria. The positive-charged surface of QAMs can bind and interact with negative-

charged bacterial membranes causing bacterial death and preventing biofilm formation 

over the material 32,33. The new contact-active antibacterial material can reduce the 

bacterial load at the tooth/restoration interface, thereby significantly extending the 

material’s service life 33. Previous studies developed a new antibacterial monomer, 

dimethylaminohexadecyl methacrylate (DMAHDM), which has been shown to exhibit 
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substancial antibacterial activities. This approach relies on the contact-killing mechanism 

of the amino groups of DMAHDM available on the contact layer of the biofilm adjacent to 

resin composite restorations 34–37. DMAHDM, as an antibacterial monomer, can 

copolymerize with the other dental monomers proposing an excellent alternative approach 

with a long-term effect. Previous studies demonstrated a dose-dependent effect using 

different DMAHDM concentrations between 0.75-3% 38. However, the incorporation and 

the increased content of bioactive agents may impart poor mechanical properties and less 

structural stability, limiting the application of such promising materials. Therefore, the first 

aim in this proposal is to develop and optimize resin composite formulations meant for 

class V restorations containing both DMAHDM and NACP, at their maximum content 

prior tested to maximize the anti-biofilm actions without affecting the mechanical 

properties. 

Photodynamic therapy (PDT) is another promising antibacterial approach for caries 

and periodontal diseases. Photosensitizers (PS), followed by irradiation of the target lesion 

with a light of a specific wavelength, have been used to lyse cancer cells by prompting 

oxidative photo-damage via the generation of reactive oxygen species (ROS) 39,40. The 

generation of ROS can also be employed to target biofilms as ROS exert diverse 

antibacterial activities. TBO, a photosensitizer, can penetrate easily through the bacterial 

membrane because it has a transmembrane permeability coefficient higher than other 

photosensitizing solutions, a fact that possibly makes TBO more effective in bacterial 

destruction 41. aPDT using TBO has demonstrated the ability to reduce numerous 

cariogenic and periodontal bacteria in vitro and in vivo. S. mutans and Lactobacillus casei 

growth were reduced in deep carious primary teeth treated by TBO in vivo by around 1-log 
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42. Another in vivo study treated deep carious lesions with 100 g/mL-1 and infrared energy 

of 94 J cm-2. 1-2-log reduction of S. mutans and lactobacilli species compared to the 

baseline was observed 43. Regarding periodontal diseases, clinical studies revealed 

conflicting data about the effect of aPDT with TBO against periodontal pathogens and its 

effectiveness in reducing the consequences of periodontal diseases. While some studies 

reported some improvement related to the bleeding index 44, clinical attachment gain, and 

probing depth reduction 45,46, other studies reported the absence of clinical benefits using 

PDT in addition to scaling and root planing (SRP) compared to SRP alone 47–49. The main 

challenges faced by PDT using TBO are related to its hydrophobic activity, which limits 

the TBO penetration to the biofilm matrix resulting in reduced effect against microbial 

viability 50–52. Therefore, the need for a strategy to increase the TBO penetration may 

enhance the antibacterial action of TBO, resulting in more bacterial reduction and more 

remarkable improvement in the parameters related to dental caries and periodontal 

diseases. 

More recently, combining magnetic-field-guided iron oxide nanoparticles and 

photodynamic therapy, known as magnetic field-guided antimicrobial photodynamic 

therapy (MF-aPDT), has been introduced in the medical field to enhance the delivery of 

such agents. These particles have been investigated extensively for biomedical applications 

such as tumor-specific cell targeting, lymph node imaging, visualization of RNA 

interference, and stem cell tracking due to their unique super-paramagnetic property and 

biocompatibility 53,54. In Dentistry, it will be interesting to explore if the magnetic field 

(MF) navigation can serve as a biofilm penetration strategy that employs an external MF 

to attract such photosensitizer into the core of biofilm.  
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1.3. Specific Aims 

Root caries and periodontal diseases as biofilm-triggered diseases impose a 

substantial economic burden on our society. Their economic burden encompasses financial 

costs related to treatment expenditures and intangible costs related to the pain and 

compromised lifestyle. Worldwide in 2016, dental diseases affected 3.58 billion people, 

representing around half of the world’s population 55. The management of these complex 

diseases involves non-invasive and invasive/restorative approaches with limited 

antibiofilm performance. This study will test two innovative hypotheses to inhibit 

cariogenic and periodontal biofilms from addressing this unmet need. First, from an 

invasive/restorative perspective, we hypothesized that optimizing and formulating a 

bioactive resin composite with a high concentration of DMAHDM antibacterial monomer 

and NACP fillers would maximize the antibiofilm property of the resin composite. Second, 

from a non-invasive perspective, we hypothesized that the antibacterial effect of 

photodynamic therapy against mature cariogenic and periodontal pathogenic biofilms 

would be enhanced when magnetic nanoparticles are conjugated to TBO photosensitizer 

for improved penetration into the mature biofilm, known as MF-aPDT. These approaches 

may reduce the dental burdens of older adults and enhance their lifestyle by preventing 

tooth loss due to root caries or periodontal diseases. 

These hypotheses are based primarily on the following evidence: 1) Current dental 

resin composites used for restorative treatment of root caries have no antibiofilm property; 

2) 3% DMAHDM resin composite co-formulated with NACP promotes 2 to 3-log bacterial 

reduction against saliva-derived biofilm; 3) aPDT has limited efficacy against mature oral 
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biofilms; 4) aPDT with TBO photosensitizer and red LED light irradiation can provide safe 

and moderate bacterial reduction, and 5) Magnetic nanoparticles conjugated with 

photosensitizers have enhanced drug penetration into soft tissues. Each of these published 

findings is consistent with our central hypothesis.  For that, our ultimate goal is to advance 

the anti-biofilm approaches through inhibiting the cariogenic and periodontal pathogens 

related to root caries and periodontal diseases using a novel bioactive resin composite and 

magnetic-field-guided antimicrobial photodynamic therapy (MF-aPDT). 

We tested the feasibility of the proposed strategies by pursuing the following specific aims:  

 

Aim I. Optimizing resin composite formulations with 3 and 5% DMAHDM + 20% 

NACP to inhibit cariogenic and periodontal pathogens. 

Sub-aim I.1. Optimize the formulation to reach clinically acceptable physical 

properties and enhanced bacterial reduction. This aim examined the physical and 

microbiological outcomes of increasing the concentration of DMAHDM monomer. The 

physical properties were assessed via flexural strength, elastic modulus, and surface 

roughness. The antibacterial properties were assessed via surface charge density, colony-

forming units, lactic acid production, metabolic activities, and cell viability of cariogenic 

species derived from saliva.  

Sub-aim I.2. Investigate the long-term antibacterial effect, mechanical properties, 

and surface topography changes following one year of water and artificial aging. 

Following water aging, samples were evaluated for flexural strength, elastic modulus, and 

microbiological assays. Biofilm plate counting method, metabolic assay, colorimetric 

quantification of lactic acid, and Baclight bacterial viability assay were measured after one 
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year. Topography changes (ΔRa, ΔRq, ΔRv, ΔRt) were examined after wear and observed 

by scanning electron microscopy. 

Sub-aim I.3. Determine the antibacterial response of the high concentration 

DMAHDM-NACP resin composite to a robust in vitro mixed-community cariogenic 

biofilm model derived from patients with untreated root carious lesions. The 

hypothesis tested here is that the high concentration of DMAHDM with the NACP fillers 

would present reduced bacteria reduction against the in vitro multispecies biofilm model 

of cariogenic plaque as this model closely mimics the composition and proportions of the 

cultivable bacterial taxa recovered from the root caries surfaces. The antibacterial effect of 

the DMAHDM-NACP resin composites was assessed via colony-forming unit counts, 

lactic acid production, metabolic activities, and confocal microscopy. The degree of 

conversion of the synthesized formulations was also evaluated. 

Sub-aim I.4. Determine the antibacterial response of the high-concentration 

DMAHDM-NACP resin composite to a realistic in vitro mixed-community 

periodontal biofilm model derived from subgingival sites of periodontally 

compromised patients. The hypothesis tested here is that the high concentration of 

DMAHDM with the NACP fillers would present reduced bacteria reduction against the in 

vitro multispecies biofilm model of subgingival plaque as this model closely mimics the 

composition and proportions of the cultivable bacterial taxa recovered from the gingival 

crevice and periodontal pocket. The antibacterial effect of the DMAHDM-NACP resin 

composites was evaluated via the 16S rRNA sequencing, colony-forming unit counts, 

polysaccharide production, metabolic activities, and cell viability. In this sub-aim, the 

contact angle and surface energy were also measured.  
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Central Hypothesis of Aim I. 

Bioactive resin composite formulations with 3 and 5% of DMAHDM and 20% of NACP 

fillers would effectively inhibit cariogenic and periodontal pathogens isolated from 

different niches. The bioactive formulations would demonstrate clinically acceptable 

mechanical properties and preserve their mechanical and antibacterial properties after one 

year of hydrolytic aging.   

 

Aim II. Develop and assess magnetic field-guided antimicrobial photodynamic 

therapy (MF-aPDT) for enhanced inhibition of cariogenic biofilms. 

Sub aim II.1. Assess the most efficient parameters (concentration, energy density, and 

incubation time) of the TBO photosensitizer against S. mutans biofilm grown for 48 

h. The hypothesis tested here is that determining specific parameters related to the TBO 

concentration, energy density, and incubation time when using aPDT would maximize the 

biofilm inhibition. 

Sub aim II.2. Synthesize iron oxide (Fe2O3) nanoparticles conjugated with toluidine 

ortho blue (TBO) incorporated in a microemulsion. The hypothesis tested here is that a 

unique continuous microemulsion route can be used to conjugate nano-sized Fe2O3 

magnetic particles with a well-investigated phenothiazine photosensitizer, toluidine ortho 

blue (TBO). The synthesized microemulsions with different Fe2O3 concentrations were 

optimized, characterized, and evaluated for their thermodynamic stability. The 

biocompatibility of the microemulsions was assessed using human gingival fibroblasts. 

The antibacterial effect against S. mutans biofilms was assessed via CFUs, confocal 

microscopy, and electron scanning microscopy (SEM).  
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Sub aim II.3. Assess the antibacterial performance of aPDT under magnetic field 

using TBO conjugated with Fe2O3 nanoparticles as a photosensitizer against an overly 

mature biofilm model where the enhanced penetrability is difficult. The hypothesis 

tested here is that the Fe2O3-TBO microemulsion, named MagTBO, would present more 

massive antibacterial action against a 7-day mature multispecies biofilm than conventional 

aPDT via TBO. The MagTBO was tested against multispecies biofilms grown over root 

dentin. The antibacterial effect was assessed via CFUs, confocal microscopy, and electron 

scanning microscopy (SEM). The microhardness of the root dentin specimens was also 

assessed.  

Central Hypothesis of Aim II. 

The designed microemulsions containing TBO and different concentrations of Fe2O3 

nanoparticles would significantly improve the penetrability, stability, and antibacterial 

action of the TBO photosensitizer when tested against mature and thick cariogenic 

biofilms.  
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CHAPTER TWO: 

Literature Review of Bioactive Resin Composites 

Abstract 

This chapter provided an overview related to the incorporation of different bioactive agents 

in resin composite restorations. The first section of this chapter discussed the most common 

calcium phosphate compounds and metallic particles used as filler content in resin 

composites. Bioactive fillers in restorative dentistry can be functionalized either to 

remineralize the tooth surface or to induce an antibacterial effect against cariogenic 

biofilms. The second section provided a brief overview of quaternary ammonium 

compounds (QACs) in resin composite formulations. QACs have been used extensively in 

different restorative materials as contact-killing materials. Using QACs that are 

immobilized in the resin matrix system is more favorable than using released agents. Resin 

composites with releasing agents may experience mechanical or physical deterioration due 

to the loss of some filler load within the resin composite system. Despite the incorporated 

agents, ideal bioactive resin composites should deliver clinically acceptable mechanical-

physical properties, potent antibacterial action, excellent biocompatibility, and long-term 

stability. 
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2.1. Exploring nanoparticle-based platforms and calcium phosphate compounds for 

dental restorative materials 1 

 

Dental caries, or tooth decay, represents one of the most significant and prevalent 

problems in oral health 56. According to the World Health Organization (WHO), 

approximately 60–90% of children and nearly 100% of adults worldwide have had caries. 

This high rate for dental caries causes dental expenditures to be around $124 billion in 

2016 in the US 57,58. An imbalance between minerals loss (demineralization) and minerals 

gain (remineralization) from saliva triggers this multifactorial disease 59. Microorganisms, 

substrate, host/teeth, and time are the main factors leading to the terminal stage of 

continuous minerals loss, marked by the destruction of tooth structure, known as “dental 

caries” 59. In addition, the acidic attack from cariogenic bacteria found in dental plaque 

biofilm growth over the tooth is responsible for the consecutive net minerals loss 60.  

This acid attack is initiated at low pH, which allows fermentable carbohydrates to 

be consumed by the cariogenic bacteria at the site of biofilm accumulation for a prolonged 

time 60. Oral microorganisms' function in dental biofilms has been defined as interactive 

complex microbial communities 61. Cariogenic biofilm is characterized as dysbiosis, where 

acidic microenvironment (low pH levels) favors bacteria species that can multiply and 

survive in acidic environments 62. This process involves acidogenic plaque bacteria,  

 

 

1 From Page 13-35, this chapter is a slightly modified version of “Balhaddad AA, Kansara AA, Hidan D, 

Weir MD, Xu HHK, Melo MAS. Toward dental caries: Exploring nanoparticle-based platforms and calcium 

phosphate compounds for dental restorative materials. Bioact Mater 2019;4:43–55” published in Bioactive 

Materials Journal and has been reproduced here with the permission of the copyright holder. 
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including Streptococcus mutans, the major caries-related species representing the dominant 

streptococci genus in the dental plaque biofilm. 

The primary mineral component of the hard dental tissues (enamel and dentin) is 

hydroxyapatite (Ca5(PO4)3(OH)), which is the primary target for bacterial acids. Thus, pH 

is the driving force governing the loss or gain of Ca and PO4 from the mineral structure of 

the teeth 62. At physiological conditions, the oral fluids (saliva, biofilm fluid) have calcium 

(Ca) and phosphate (PO4) in supersaturated concentrations concerning the mineral 

composition of enamel, and, as a result, these ions are continually deposited on the enamel 

surface 63. The pH decreases with the presence of bacterial acids, and the biofilm fluid 

becomes undersaturated concerning the enamel minerals 64. The demineralization occurs 

by the chemical dissolution of Ca and PO4 when pH remains below 6.5 for dentin and 5.5 

for enamel (Figure 2.1D).  

 

Figure 2.1. Schematic drawing illustrating the cariogenic biofilm formation. 1A) 

Cariogenic dental plaque biofilm, where mainly mutans streptococci (MS), lactobacilli, 

and non-MS acid-producer bacteria are responsible for the acidic attack; 1B) The 

cariogenic biofilm is found in dental plaque that grows over the tooth and esthetic tooth-

colored restorative materials; 1C) The acidic attack is responsible for the continuous net 

mineral loss; and 1D) For enamel and dentin, the net mineral loss is present when the pH 

is lower than 5.5 and 6.5, respectively. 
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In the presence of advanced demineralization associated with cavities formation, 

esthetic tooth-colored restorative materials are chosen due to improved esthetic properties 

and more conservative preparation techniques. Clinical restorative polymer materials are 

represented by a set of materials, including direct resin composite restorative, enamel-

dentin adhesives, and dental primers (adhesion promoters) with similar primary chemical 

composition 65. These materials have been used as direct restorative materials to replace 

missing biological tissue for more than 40 years and do not affect on caries-related 

pathogens or positively impact the mineral balance of hard tissues. However, preceding 

reports have highlighted that resin-based restorative materials facilitate cariogenic biofilm 

growth 66–68. The suggested rationale is based on degradation products from dental 

monomers such as bisphenol A glycidyl dimethacrylate (BisGMA) and triethylene glycol 

dimethacrylate (TEGMA), which may alter the metabolism and promote the proliferation 

of caries-related bacteria such as S. mutans 69.  

The resulting cariogenic biofilm triggers the destruction of the mineral structure of 

any dental surface – intact, sealed, or restored – where biofilm remains accumulated and 

regularly exposed to sugar. Hence, it influences the initiation and progression of carious 

lesions, not just in its primary development but also in its recurrence 69. 

Recurrent caries or caries around restorations (CARS) develop at the interface 

between the restoration and the prepared cavity due to restoration failure (Figure 2.2A). 

The rates of CARS for restorative polymer materials are very high, at approximately 60%, 

and it has been identified as one of the major reasons for the failure of resin composite 

restorations 70,71. Figures 2.2A and 2.2B illustrate the clinical aspect of CARS and 
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demineralized areas around multiple resin composite restorations in a young adult. 

Replacement rates of failed restorations have been reported to be 37%–70%, with 

consequences that can seriously compromise the oral health status 72,73. CARS are 

frequently located at the gingival margins of the proximal restorations, which are common 

areas for biofilm accumulation (Figure 2.2B). Given these challenges, the introduction of 

novel treatment approaches supplementary to the conventional therapeutic strategies is 

considered crucial for the efficient control of CARS. 

 

Figure 2.2. A) Clinical aspect of secondary caries lesions (CARS) and demineralized areas 

around multiple composite resin restorations in a young adult; B) Black and white version 

of the same figure illustrating the location of esthetic tooth-colored restorative materials, 

CARS, and demineralized areas. 

 

In Restorative Dentistry, restorative polymer materials represent a set of materials 

including bulk resin composite and dental bonding agent with similar primary chemical 

composition 61. The bulk resin composite is bonded to the tooth by an intermediate layer 
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of bonding agent to connect the dental substrates to different resin-based materials. Typical 

restorative polymer materials are composed of a mixture of dental polymer and inorganic 

fillers. The polymeric phase of this mixture has emerged as a clinically viable means of 

incorporating nano-sized bioactive compounds. Therefore, the optimization of formulation 

designs of dental materials represents an opportunity for imparting bioactivity to restorative 

polymer materials.  

Nanotechnology in the development of bioactive dental materials has been evolving 

for many decades. Several innovative approaches, such as metallic nanoparticles with 

antibacterial activity and calcium phosphate-based nanoparticles for the balance of the 

mineral loss, have revealed potential tangible benefits for restorative dentistry 74. However, 

the possibility of therapeutic achievement associated with nanoparticles depends mainly 

on the properties of these nanoparticles, e.g., their active surface area, chemical reactivity, 

and biological activity.  

This review addresses the inherent feasibility of various calcium phosphate 

compounds and metal nanoparticles for application to restorative polymer materials 

treatment concerning the anti-caries performance based on bacterial reduction and Ca and 

PO4 ion release. Also, the limitations and future applications of these materials are 

discussed. 

 Medical and dental researchers have an ongoing interest in creating bioactivity for 

clinical restorative polymer materials. Currently, available materials can return the natural 

tooth's form, function, and appearance; however, they do not present any bioactivity. 

Therefore, the capability of a dental material to positively affect its biological surroundings 

seems like an avenue for improving the longevity and clinical service inside the mouth.  
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Nanoscience and nanotechnology can provide new solutions in the development of 

dental materials by including bioactive compounds without affecting functional and 

aesthetic performance. Different types of nanostructures can be incorporated into clinical 

restorative polymer materials to introduce new functionalities. For example, the bioactivity 

toward dental caries prevention focuses on two pathways: 1) Control of tooth mineral loss 

and 2) Reduction/modulation of biofilm formation. Nanoparticles of different sizes, 

shapes, and functionality can be synthesized to meet the two specific pathways. Dental 

researchers are potentially exploring these benefits to overcome both the physical and 

chemical limitations of incorporating bioactive compounds in dental polymeric 

formulations.  

Due to the mechanical load that these materials are subjected inside the mouth, 

approaches to impart bioactivity to clinical restorative polymer materials cannot be 

accomplished by various methods, such as coating or impregnation. Incorporation into the 

polymeric matrix, a core constituent of the clinical restorative polymer materials, is the 

main venue, which is naturally accompanied by some advantages and disadvantages. From 

a technological perspective, rapid advances in nano-scale engineering provide 

opportunities to develop new nanomaterials with bioactivity. Nanotechnological 

interventions could be utilized to increase the efficiency of preventing demineralization 

and biofilm formation and overcoming the challenges of incorporation. Therefore, novel 

nano-sized formulations have a considerable edge over conventional formulations.  

 

2.1.1. Control of tooth mineral loss: inorganic calcium phosphate (CaP) bioactive 

compounds  
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Ongoing interest has been directed toward calcium phosphates (CaP) compounds 

as these materials demonstrate remineralization capabilities 75–89. In dentistry, there are 

multiple applications of CaP compounds because this inorganic material is composed of 

human bone and teeth in the form of hydroxyapatite [Ca10 (PO4)6(OH)2] 
78. CaP can be 

used as a bone graft to restore bone defects that are caused by periodontal disease. Also, 

CaP is used as scaffolds in tissue engineering for bone or dentin regeneration, used as 

orthodontic cement, used in dentifrices, bleaching agents, and coating material for dental 

implant surface 90–92.  

One of the most promising applications of CaP particles in restorative dentistry is 

to incorporate direct restorative materials into them. CaP particles induce anti-caries 

activities by releasing sufficient levels of calcium and phosphate ions to form a stable 

apatitic tooth mineral 81,88,89,93. With efforts toward incorporating and adjusting CaP 

formulations must be conducted carefully to avoid detrimental effects on the mechanical 

and physical properties of the restorative materials. The resin composites are the main 

target restorative material. These filling materials present a wide surface area that favors 

interaction materials-microenvironment to further ion release. Dental adhesives can also 

be considered a source of bioactive compounds. Overall analysis showed bioactive bonding 

systems were statistically similar to the control at immediate evaluation (after 1day). Very 

few studies show long-term evaluation by water aging or accelerated artificial aging 

processes. Several CaP phases have been tested as bioactive components in dental 

materials. With a variation on the Ca/P molar ratio and the stability of the salt phase, CaP 

compounds such as dicalcium phosphate dihydrate (DCPD), dicalcium phosphate 

anhydrous (DCPA) and tetracalcium phosphate (TTCP), tricalcium phosphate (TCP) 75–89, 
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and amorphous calcium phosphate (ACP) were considered. A comprehensive structure-

composition-property relationship considering a variety of interfering factors is needed to 

reach the desirable anti-demineralization/remineralization therapy effect. Ions released 

from CaP resin-based material depend on many factors. One of the crucial factors is the 

critical pH value. At that point, the solution is saturated with calcium phosphate, and below 

which it starts to dissolve 92. Particle size is another relevant factor as the nano-scale CaP 

particles released ions more than the micro-scale due to increased surface area and 

improved mechanical properties 92. Moreover, the higher volume fraction of CaP particles 

in the resin composite will increase the ions release and enhance water and ions diffusion 

by increasing the filler-matrix interfacial area 88. Reinforced fillers also have a role in ion 

release as the ratio of these fillers increase, the mechanical properties increase, and the ion 

release decrease 88. Silanization of the CaP particles also hinders the ion release 88. 

 

Dicalcium phosphate dihydrate, dicalcium phosphate anhydrous, and tetracalcium 

phosphate  

Dicalcium Phosphate Dihydrate (DCPD, CaHPO4H2O) is one of the calcium 

orthophosphate phases. It was initially investigated in the development of Ca and PO4-

releasing polymer materials. DCPD enters its stable end phase when the pH of the setting 

reaction is less than 4.2 94. Dicalcium Phosphate Anhydrate (DCPA, CaHPO4) has the same 

Ca/P ratio as DCPD, but it is less soluble. Table 1 illustrates calcium orthophosphate phases 

that have been used in dentistry and their different ratios 95,96. Both salts are considered 

acidic salts. When they are combined with a basic salt (e.g., TTCP), an acid-base reaction 

in the process of appetite is formed 94. Tetracalcium phosphate [TTCP, Ca4(PO4)2O] is the 
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most soluble at pH < 8.5 and the highest Ca/P ratio (2.0) among different CaP phases [40]. 

In contrast to DCPD and DCPA, TTCP is the most alkaline among all Ca-PO4 phases. It 

elucidates the potential of using it in resin composite to buffer the cariogenic acids and 

prevent dental caries 87,95,96. Efforts have been made to incorporate DCPA with TTCP in 

micron size into resin composite to be used as a base, liner material, or bonding agent 81. 

However, to reduce the amount of incorporation using DCPA particles into resin composite 

restorative material and reach the same rates of Ca and PO4 release, nanoparticles of DCPA 

were synthesized via a spray-drying technique and reinforced with whisker fillers 91,97. The 

result of in vitro studies on this material was promising. In the resin composite containing 

40% NACP and 20% TTCP, significant ions release was associated with low pH compared 

to neutral pH. The ion release increased with time before reaching a plateau due to the 

increased surface area of the particle 91,97. The NACP-TTCP composites were able to 

release Ca and PO4 in response to the acid attack and low pH environment, which then 

might neutralize the pH and prevent demineralization 97. 

Table 2.1. Calcium orthophosphate phases used in dental restorative materials 

concerning Ca/P ratio. 

 

Calcium 

Phosphate 

Chemical 

formula 

Ca/P Ratio log (Ksp) 

at 25 ° 

log (Ksp) 

at 37 ° 

Dicalcium 

phosphate 

dihydrate (DCPD) 

 CaHPO4H2O 1.0 6.59 6.63 

Dicalcium 

phosphate 

anhydrous 

(DCPA)  

CaHPO4 1.0 6.90 7.02 

Amorphous 

calcium phosphate 

(ACP) 

CaxHy(PO4)znH2O 1.2-2.2 a a 

Tetracalcium 

phosphate (TTCP) 

Ca4(PO4)2O 2 38-44 42.4 
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Table 2.1. Continued. 

 

Hydroxyapatite 

(HA) 

Ca10 (PO4)6(OH)2 1.67 58.4 58.6 

ß-Tricalcium 

phosphate 

 ß-Ca3(PO4)2 1.5 28.9 29.5 

 

a ACP solubility cannot be measured accurately 

 

DCPA reinforced whisker-resin composites generally had comparable mechanical 

properties with those of currently available hybrid resin composites 89. However, whisker-

reinforced nanocomposite proposes an esthetic problem as this material is opaque due to 

refractive index mismatch between the filler and the resin 91,97. TTCP particles synthesized 

using ball-milled fine were also combined with reinforced nano-whisker 87. The ions 

release of this resin composite increase by about 6-fold when the pH was reduced from 

neutral to 4 in addition to preserving the mechanical properties compared to commercial 

hybrid resin composite, which is why they call it ‘smart material’ 87. Remineralization with 

NACP and NACP-TTCP nanocomposites demonstrated the highest remineralization 

values compared to the commercial control (TPH) in caries-like lesions. TTCP mixture 

with reinforced glass particles was investigated to develop a mechanically durable and 

remineralizing composite resin 78. The final composite containing-TTCP had flexural 

strength similar to commercially available composite 78.  

 

Amorphous calcium phosphate and nano-sized amorphous calcium phosphate (NACP)  

Amorphous Calcium Phosphate (ACP, CaxHy(PO4)znH2O) is the most efficient and 

commonly CaP phase studied with resin composite and adhesive system in the dental 

literature 92. ACP resin composites in various biostable matrices release calcium and 
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phosphate ions in a manner that effectively buffers free calcium and phosphate ions 

activities and, in turn, maintains the desired state of supersaturation concerning tooth 

mineral 92,93. ACP is the first phase to form before the final thermodynamically stable 

product, which is hydroxyapatite (HA), when CaP precipitation occurs in high-saturated 

solution 93. ACP was discovered accidentally in the 1960s by Aaron Posner 98. ACP has a 

unique structure among CaPs phases, which is the lack of crystalline order 98.  

Furthermore, ACP is an unstable phase that makes it highly soluble 95,98. It is easily 

transformed into crystalline phases such as octacalcium phosphate and apatite due to 

microcrystalline growth 99. Therefore, ACP is suitable as a potential remineralizing agent 

in dental applications as it might raise the pH when it is placed into an acidic solution that 

could demineralize the tooth structure 95,98. Restorative polymer materials containing ACP 

as part of the inorganic filler content have been synthesized and evaluated for restorative 

applications 84,85. Although this material released a significant amount of calcium and 

phosphate ions, it showed weak mechanical properties 84,85. As dental material is subjected 

to masticatory loads when patients bite over the fillings, this is a significant drawback for 

clinical application.  

Nanotechnology has provided the pathway to address this challenge. NACP has the 

advantage of better ion-release profiles due to the small size and increased surface area for 

chemical interactions. NACP can release Ca and P ions in higher concentrations than 

micro-sized particles 100. The enrichment of polymer materials with reinforcement fillers 

and NACP can promote remineralization without loss of the mechanical characteristics of 

flexural strength, presenting similar values to micro-fill composite resins 75,76,82,84,85. As a 

result, NACP has become the focus of attention for the recent and ongoing studies due to  
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its improved Ca and PO4 release. NACP is used as co-filler in the inorganic content of a 

variety of restorative polymer materials such as dental bonding, sealants, resin composites, 

and cement 75,76,82,84,85. NACP has been synthesized in particles sizes of about 100 nm via 

a spray-drying technique and loaded into dental resin composites 86. NACP resin composite 

raises the pH and neutralizes the environment, which directly affects the growth of caries-

related bacteria 83,86. In terms of mechanical properties, 10–30% NACP is equivalent to the 

strength of the commercial hybrid resin composite 83. Also, the nanocomposite at 40% 

NACP was found comparable to the strength of a micro-fill composite 83. Another study 

measured the durability of NACP glass-reinforced resin composite. It was found that the 

long-term mechanical performance of NACP nanocomposites was relatively higher than 

the control resin composite, and the wear behavior was within the range of commercial 

controls 101. Table 2 outlines previous studies on applications of calcium phosphate 

compounds into dental resin composites. The specific biological response of these 

materials relies on the deposition of Ca and PO4 ions into the demineralized tooth to inhibit 

the minerals loss and enhance the remineralization. 

 

Table 2.2. Summary of preceding studies on applications of calcium phosphate compounds 

into resin composites. The specific biological response of these materials relies on the 

deposition of Ca and PO4 ions into the demineralized tooth to inhibit the loss of the mineral 

and enhances the remineralization. 

 
Agent Authors Con. Mechanical Properties Remarks 

ACP 

ZrOCI2-

ACP TEOS-

ACP 

Skrtic et al., 

1996 84 

40% Biaxial flexure strength values 

were significantly lower 

compared to control samples 

Sustained release of Ca 

and PO4 ions that is able 

to induce 

remineralization 

ACP 

reinforced 

with silica 

or zirconia 

Skrtic et al., 

2000 85 

40% 
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Table 2.2. Continued. 

Nano DCPA Xu et al., 

2006 91 

60% Mixed with nano silica fused 

whisker, flexural strength values 

were comparable to control 

samples and higher than 

previous CaP compounds 

Comparable or higher 

amount of Ca and PO4 

ion release compared to 

previous CaP 

compounds. 

Nano DCPA Xu et al., 

2007 89 

Varied from 

0 to 75% 

Compared to control, nano 

DCPA demonstrated higher 

elastic modulus and hardness, 

but comparable flexural strength 

values 

TTCP Xu et al., 

2009 87 

Varied from 

0 to 75% 

TTCP with whisker 

reinforcement demonstrated 

flexural strength values that 

were not significantly different 

compared to control hybrid resin 

composites. TTCP with whisker 

reinforcement demonstrated 

significantly high flexural 

strength compared to TTCP 

alone 

Ca and PO4 ion release 

increased by about 6-

fold when the pH 

changed from 6 to 4. 

TTCP resin composites 

demonstrated higher ion 

release compared to 

TTCP with whisker 

reinforcement. 

NACP Xu et al., 

2011 86 

10, 15 and 

20% 

No significant differences were 

found in flexural strength and 

elastic modulus between all 

NACP samples and control 

Increasing NACP 

amount was associated 

with higher ion release. 

NACP Moreau et 

al., 2011 83 

 

10-40% 10–30% NACP resin composite 

demonstrated comparable 

flexural strength and elastic 

modulus to hybrid resin 

composite control. 40% NACP 

resin composite demonstrated 

significantly low flexural 

strength and elastic modulus 

compared to control but was 

similar to micro-fill resin 

composite control. 

NACP resin composites 

raised the pH and 

neutralized the acid, 

higher capability to 

raise the pH and 

neutralize the acid was 

observed and the NACP 

concentration 

increased. NACP resin 

composite 

demonstrated a 

significant ability to 

resist the adherence of 

S. mutans compared to 

control samples. 

NACP Moreau et 

al., 2012 101 

10, 15 and 

20% 

Flexural strength and elastic 

modulus were higher or 

matching the control samples 

before and  

after thermal cycling. With 

water aging, the flexural 

strength of NACP samples 

decreased significantly, but  

- 
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Table 2.2. Continued. 

   higher than the control. 

Increasing the NACP 

significantly increased the wear 

compared to control, but the 

values were lower than that of 

resin-modified glass ionomer 

 

NACO Melo et al., 

2013 102 

40% - 40% – This in situ study 

demonstrated that 

biofilms collected from 

NACP restored samples 

had a higher amount of 

Ca and PO4 ions 

compared to control. 

NACP samples had a 

higher amount of Ca 

and PO4 ions compared 

to control.  

DCPD Chiari et al., 

2015 80 

Varied from 

0 to 20% 

Adding DCPD filler did not 

affect the degree of conversion 

of resin composites. Increasing 

the mass fraction of filler 

negatively compromised the 

material strength. However, the 

optimum mass friction DCPD 

that demonstrated proper 

mechanical properties after 

water aging was 10% 

10% mass fraction of 

DCPD demonstrated a 

constant ion release for 

28 days. 

NACP Zhang et al., 

2016 103 

20% No significant differences were 

found in flexural strength and 

elastic modulus between PE-

NACP and control samples. 

Resin composite 

containing NACP 

demonstrates the ability 

to be recharged with Ca 

and PO4 ions 

NACP + 

TTCP 

Weir et al., 

2017 97 

40% NACP 

20%TTCP 

- NACP-TTCP resin 

composite was able to 

remineralize dentin and 

neutralizes pH. 

However, no significant 

differences were found 

in ion release and 

remineralization 

capability between 

NACP and NACP-

TTCP. 

NACP Al-Dulaijan 

et al., 2018 
75,76 

20% Flexural strength and elastic 

modulus were similar to control 

Recharging capability 

and ion release after 

was demonstrated after 

3 recharging cycles. 
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For Ca and PO4 release performance, an in situ study showed that there is a 

significant increase in ions released from NACP resin composite compared to control at 

low pH. Although there is no significant antibacterial effect expressed by biofilm colony-

forming unit (CFU) between the two resin composites, microradiographs showed lower 

demineralized area at enamel around NACP compared to the control 97,102. Recently, NACP 

has been developed to be rechargeable via solutions, such as mouthwashes, to have long-

term remineralization effects 103. New rechargeable NACP has been synthesized using 

acidic monomers that can chelate Ca and P ions from a recharging solution with 

comparable mechanical properties to the control resin composite 103. Nano-scale CaP 

particles integrated into inorganic fillers seem to be promising to use as an adhesive or as 

a direct resin composite material based on in vitro studies. However, there are no clinical 

studies to evaluate how significant is the effect of the ions release in CARS prevention, 

how long this effect will be maintained, and what the impact of the rechargeability of these 

new materials is on ion release. 

 

2.1.2. Modulation of biofilm formation via metallic nanoparticles  

Metallic nanoparticles, as nanostructured agents, have a high surface-to-volume 

ratio which demonstrates higher and closer interaction with the bacterial membrane to 

induce the killing in addition to the release of metal ions 104. Therefore, incorporating 

metallic nanoparticles has become a field of interest in dentistry. Several studies have 

demonstrated the ability of metallic nanoparticles to enhance the mechanical and physical 

properties and also improve the antimicrobial properties to compact certain oral species 

104,105. Table 3 summarizes previous studies using metal/metal oxide nanoparticles to 



28 
 

stimulate a detrimental biological response to bacterial growth over dental materials. All 

the cited studies present are in vitro studies highlighting the ongoing stage on the 

development of these dental materials. 

 

Table 2.3. Outline of previous studies using metal/metal oxide nanoparticles to stimulate 

a detrimental biological response to bacterial growth over dental materials. 

 
Agent Bioactive 

Function 

Authors Con. Mechanical 

Properties 

Remarks 

 AgNPs Silver ion 

release with 

bacterial 

damage and 

cell death 

Cheng et al., 

2012 106 

0.028% Flexural strength 

and elastic 

modulus were 

comparable to 

commercial 

control 

Significant 

reduction of S. 

mutans metabolic 

activity, lactic acid, 

and CFUs by around 

50%, 60%, and 90% 

respectively 

Das Neves et 

al., 2014 107 

0.35% Roughness and the 

compressive 

strength were 

comparable to the 

control samples 

Inhibition of S. 

mutans and 

Lactobacillus 

acidophilus by 

around 90%. 

Kasraei et 

al., 2014 108 

1% - Proximally 95% and 

80% significant 

colonies reduction of 

S. mutans and 

Lactobacillus, 

respectively 

Ag bromide-

cationic 

polymer 

(AgBr/BHPVP) 

Cao et al., 

2017 109 

< 0.1% Flexural strength 

and elastic 

modulus were not 

affected with 

higher Vicker's 

hardness 

compared to 

control 

Greater antibacterial 

activities against S. 

mutans compared to 

control 

Tetrapod-like 

ZnO whisker 

A specific 

reaction that 

releases 

H2O2 and 

reactive 

oxygen 

species 

forming 

hydroxyl 

radicals that 

limit the 

Niu et al., 

2010 110 

5% Higher flexural, 

compressive and 

diametral tensile 

strength compared 

to control 

Enhanced 

antibacterial activity 

against S. mutans 

ZnO Aydin 

Sevinc et al., 

2010 111  

1-10% - 80% bacterial count 

reduction against S. 

mutans, but low 

antibacterial 

activities against 

multispecies biofilm 
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bacterial 

growth 

Kasraei et 

al., 2014 108 

1% - Approximately > 

99% and 70% 

significant colonies 

reduction of S. 

mutans and 

Lactobacillus, 

respectively 

CuO Generation of 

reactive 

hydroxyl 

radicals 

which are 

toxic to the 

bacterial cells 

Zajdowicz et 

al., 2018 112 

0.5-4% - Around 90–95% 

reduction of S. 

mutans 

BG Ca and PO4 

ion release 

followed by 

increasing in 

the local pH. 

BG also 

induces 

remineralizati

on with and 

without 

fluoride 

Chatzistavro

u et al., 2015 
113 

5 wt.% 

and 15 

wt.% 

Bonding strength 

was comparable to 

the control 

samples 

> 99% reduction 

against S. mutans 

was associated with 

15 wt.% BG 

Khvostenko 

et al., 2016 
114  

15 wt.% - Around 40% Less 

bacterial penetration 

compared to free-

BG resin composite 

Fluoride-

containing 

phosphate-rich 

BG 

Tezvergil-

Mutluay et 

al., 2017 115 

50 wt.% - Significantly higher 

capability to 

remineralization of 

dentin and higher 

protection of dentin-

matrix interface 

from degradation 

compared to control 

samples 

Nanodiamonds Negatively or 

positively 

charged 

particles 

change the 

membrane 

permeability 

which might 

cause 

bacterial 

death 

Cao et al., 

2018 116 

0.1%–

1.5% 

wt.% 

Higher Vicker's 

hardness, flexural 

strength, modulus 

of elasticity. 

Higher toxicity 

was reported as 

the concentration 

of nanodiamonds 

increased 

The number of 

viable S. mutans 

decreased by about 

80–90% compared 

to unmodified 

samples 

 

Silver and gold nanoparticles  

Silver (Ag) has been used in the medical field for centuries because of its 

antimicrobial activities 117. Ag ions interact with the cell membrane of microorganisms, 

Table 2.3. Continued. 
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inhibit the enzymatic system of the respiratory chain, and alter the DNA conformation 

causing DNA damage of such bacterium 100,118,119. The antimicrobial effect of silver and 

silver compounds is proportional to the quantity of released silver ions and their availability 

to interact with the bacterial cell membrane. Each silver source, macro or nano-sized, 

should release silver ions and therefore might be useful in fighting pathogenic 

microorganisms. Moreover, Ag particles have low toxicity and low risk of causing any 

complications by inhalation, ingestion, or allergy 99.  

Ag nanoparticles decrease the amount of bacterial colonization, C. albicans growth 

120, and S. mutans 121. While gold (Au) nanoparticles demonstrated inferior antibacterial 

properties 122, incorporation of Ag and Au nanoparticles increases the surface hardness of 

resin composite with a comparable tensile strength to control 123. Two types of the silver 

mixture were used 1) silver 2-ethyl hexanoate salt dissolved in 2-(tert-butylamino) ethyl 

methacrylate (Ag-TBAEMA), and 2) mixed with photo-activated BisGMA–TEGDMA 

resin 106. The incorporation of 0.028% Ag nanoparticles reduces the amount of CFU of 

total streptococci and S. mutans by 75% without compromising the mechanical properties 

compared to resin composites with no silver nanoparticles 106. S. mutans and Lactobacillus 

acidophilus biofilms were significantly inhibited with 0.35% of Ag nanoparticles 

incorporated into resin composites with similar mechanical properties compared to control 

107. Ag nanoparticles with and without the incorporation of NACP demonstrate a significant 

biofilm inhibition of caries-related microorganisms 124. 

The designing of Ag bromide-cationic polymer nano-scale resin composite resulted 

in a resin composite with a sustained release of silver ions, higher surface hardness, and 

higher antibacterial activity against S. mutans 109. 1% of Ag nanoparticles significantly 
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reduce the amount of S. mutans and Lactobacillus colonies growth 108. Another study 

investigated the conjunction of bioactive glass-ceramic with Ag nanoparticles, which 

significantly decreased the growth of caries-related microorganisms 125. These results 

indicate the possibility of using a minimal amount of Ag nanoparticles to achieve desired 

clinical outcomes that minimize the risk of CARS.  

Some disadvantages of using Ag nanoparticles were reported in the literature, such 

as the presence of brown discoloration correlated with high Ag nanoparticles load 108, and 

a reduction in the wettability of the incorporated resin composite 126. A decrease in light 

transmission was observed when silver incorporated resin composites were cured, which 

might affect the polymerization process127 and increase the roughness of the material 128. 

A higher amount of valuable monomers was observed as the concentration of Ag 

nanoparticles increased 127.  

 

Zinc oxide nanoparticles 

Zinc oxide particles (ZnO) have been found to inhibit multiple oral species growth 

129, and the use of nano-scale ZnO particles was found effective against Gram-negative and 

Gram-positive bacteria 130,131. In dentistry, ZnO was firstly used as opaque reinforcing 

fillers in resin composite 132. ZnO demonstrated some antibacterial activity against S. 

mutans when it was included in the dental adhesive 133. ZnO was firstly incorporated in 

resin composite in 2010 110. Tetrapod-like ZnO whisker reveals antibacterial activities 

without affecting the mechanical properties of resin composites. 5% of incorporated 

tetrapod-like ZnO whisker has demonstrated the optimum antibacterial activity and 
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mechanical properties compared to adding 3% and 10% of ZnO whisker. However, the 

antibacterial properties are diminished with the aging of the composite resin 110.  

Resin composites with 1–10% incorporated uncoated ZnO nanoparticles 

significantly reduce the amount of mature biofilm formation compared to resin composites 

with no ZnO nanoparticles 111. 80% biofilm reduction was reported with 10% of ZnO 

nanoparticles compared to control 111. It was also found that 1% nonpolar ZnO 

nanoparticles reduce the amount of biofilm significantly compared to polar coating 111. The 

incorporation of ZnO nanoparticles into flowable resin composite was achieved with an 

average particle size of 20 nm 134. 1–5 wt% of incorporated ZnO resin composites reveal 

higher compressive strength and flexural modulus compared to unmodified counterparts 

134. ZnO nanoparticles demonstrate better but not significant antibacterial activities against 

S. mutans and Lactobacillus compared to Ag nanoparticles 108. Some limitations were 

reported in regards to the use of ZnO nanoparticles. The ZnO incorporated resin composite 

did not demonstrate significant biofilm inhibition when a three-species model was used 111 

or when the materials were suspected to age 134. Also, a lower depth of cure was observed 

compared to control 134.  

 

Copper oxide (CuO) 

Copper Oxide (CuO) has a different antibacterial effect against multiple gram-

negative and gram-positive species such as methicillin-resistant Staphylococcus aureus 

(MRSA), Pseudomonas aeruginosa, Staphylococcus epidermidis, and Escherichia coli 135. 

The use of copper oxide nanoparticles was limited to orthodontic brackets and dental 

adhesives 136,137. CuO incorporated orthodontic brackets significantly reduce the amount 
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of S. mutans biofilm 136. In the adhesive, higher bond strength was observed without 

compromising the other mechanical and physical properties such as ultimate tensile 

strength, the degree of conversion, water sorption, and solubility 137. The use of copper in 

resin composite was attempted to reduce the shrinkage stress of the resin matrix. Photo-

initiated copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) polymerization 

demonstrates three times lower shrinkage stress and more antibacterial activities against S. 

mutans compared to control restorative polymers 112,138. 

 

Bioactive glass (BG) 

Bioactive glass (BG) is composed of a mixture of reactive glasses with different 

compositions that could manipulate its properties 139. In the orthopedic field, it has become 

evident that BG can participate hydroxyapatite, which then leads to minerals gain and 

reduces bacterial colonization 114. The remineralization activity of BG occurs due to the 

deposition of calcium and phosphate ions over the demineralized tooth structure 140, and 

fluoride conjugated with BG could enhance the remineralization of dentin and decrease the 

risk of dentin-matrix degradation 141. Also, BG demonstrated antibacterial activities against 

several oral microorganisms by the release of calcium and phosphate ions and increasing 

the pH of the oral cavity 29,142. The first study that incorporated BG in resin composite was 

conducted by designing resin composite samples with 5, 10, or 15-wt.% non-silanated BG. 

The total fillers content of all samples was 72%. After two months of exposure to aqueous 

media and a bacterial challenge, BG resin composites displayed higher flexural strength 

and fracture toughness compared to control 143. The cytotoxicity of BG was investigated as 

BG did not demonstrate any toxicity except for the release of unreacted monomers, which 
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was comparable to that found in commercial resin composites 144. Incorporating BG in 

flowable resin composite demonstrated significant inhibition of E. coli and S. mutans 

without compromising the bonding strength 113. BG resin composites had less bacterial 

penetration compared to free-BG resin composites. This outcome was observed in other 

laboratory study using cyclic mechanical loading, where the S. mutans diffusion into the 

interface tooth-materials was observed over the whole depth of restoration (100%) in the 

free-BG resin composites, the S. mutans penetrated (61%) of the marginal gap in the BG 

resin composites 114. Incorporation of BG and fluoride with resin composites was found to 

enhance the remineralization of dentin and also prevent the solubilization of C-terminal 

cross-linked telopeptide (ICTP) and C-terminal telopeptide (CTX), which eliminate the 

degradation of the dentin-matrix interface 115. 

 

Diamond nanoparticles.  

Nanodiamond is a member of the carbon-based nanomaterials, and it has been used 

in many industries and technologies to enhance the mechanical and antibacterial properties 

of several materials, especially in polymer engineering 145. The main advantage of 

nanodiamonds is related to their biocompatibility and stability 146. Also, nanodiamond has 

demonstrated diverse antibacterial activities against several microorganisms, which 

expands its use in medicine 147.  

The incorporation of nanodiamonds into resin composite was attempted 116. A 

0.1%, 0.3%, 0.6%, 1.0% and 1.5% w/w of silver-loaded polycation functionalized 

nanodiamonds (Ag/QNDs) were added into a mixture of Bis-GMA and TEGDMA 

monomers. A homogenous dispersion of Ag/QND's was observed using transmission 
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electron microscopy. Ag/QNDs resin composites demonstrated an improvement in the 

mechanical properties compared to unmodified resin composites. The addition of 0.3–1.5% 

of Ag/QNDs significantly increased the Vicker's hardness, flexural strength, and modulus 

of elasticity. While the 0.1% of Ag/QNDs added to resin composite improve the 

mechanical properties, that was significant only with the Vicker's hardness. Also, a 

synergetic effect of Ag/QNDs particles was observed, decreasing the viability of S. mutans 

116. The cytotoxicity test of Ag/QNDs resin composites demonstrated significantly higher 

cytotoxicity except for the 0.1% Ag/QNDs resin composite, which was comparable to the 

control group 116. 

 

2.2. Contact-killing materials in restorative dentistry 

Filler-releasing materials are highly criticized due for the possible adverse effects 

associated with the release of ions, such as reduced strength and structural stability 29. 

Besides, the rechargeability of such materials is essential to assure continuous ion release. 

However, even with rechargeability, the material could be susceptible to weakness and 

degradation following the voids induced within the material due to the ion release process 

29. Such concerns allowed many researchers to explore alternative options where the 

bioactive material is immobilized within the resin matrix without release or leaching. 

Quaternary ammonium compounds (QAMs) applications in restorative are great 

candidates to do so due to the capability to polymerize with the other monomers 142.  

The positive charged N+ quaternary ammonium surface of QAMs plays an 

important role in interacting with the negatively charged bacterial membranes. It has been 

suggested that such interaction can induce minerals imbalance inside the bacterial 
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membrane, causing cell lysis 148. Other suggested mechanisms illustrate the possibility of 

the quaternary ammonium surfactant to increase the positivity of the bacterial membrane, 

which may induce proton-motive force (PMF) 149. Therefore, with a positive non-leaching 

surface that can polymerize with dental monomers, QAMs impart antibacterial properties 

that are expected to last long. The first QAM that was incorporated into resin-based 

materials is 12-methacryloyloxydodecylpyridinium bromide (MDPB) monomer. Resin 

composite containing MDPB effectively reduced the growth of S. mutans and other 

streptococci species 150. A few years later, several QAMs were introduced to dental 

materials such as Dimethylaminohexadecyl methacrylate (DMAHDM), and 2-

methacryloyloxyethyl dimethylammonium (IDMA1).  

 

QAMs in resin composite restorations   

Secondary caries around dental restorations due to plaque accumulation and 

bacterial invasion is a critical issue in dentistry. With this issue in mind, several studies 

have incorporated different QAMs into resin composite restorations to inhibit the growth 

of caries-related pathogens. In 2006, Beyth et al. attempted incorporating quaternary 

ammonium polyethylenimine (PEI) nanoparticles into a resin composite formulation. They 

found that a hybrid resin composite containing 1 wt.% of PEI was capable in reducing the 

growth of S. mutans colonies over the resin composite’s surface 151. Bis(2-

Methacryloyloxyethyl) Dimethylammonium Bromide (IDMA1) incorporated in resin 

composite formulations reduced the growth of S. mutans when tested via in vitro 79 and in 

situ models 152. In another investigation, 10 wt.% of 2-methacryloxylethyl dodecyl methyl 

ammonium bromide (MAE-DB) or 2-methacryloxylethyl hexadecyl methyl ammonium 
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bromide (MAE-HB) demonstrated good capabilities to reduce S. mutans growth and the 

expression of glucosyltransferases that are responsible for S. mutans cariogenicity 153,154. 

The inhibitory effect of resin composite containing 3 or 5 wt.% of 2-Dimethyl-2-dodecyl-

1-methacryloxyethyl ammonium iodine (DDMAI) was also demonstrated 155. 

Most recently, the use of dimethylaminohexadecyl methacrylate (DMAHDM) has 

gained much attention due to its great capability in suppressing cariogenic and periodontal 

biofilms. This monomer has a long alkyl chain that could penetrate the bacterial membrane. 

Resin composite formulation containing 3.75 wt.% and 20% NACP significantly reduced 

the biofilm growth, metabolic activities, and lactic acid production of multispecies biofilms 

156. A dose-dependent effect against dental biofilm was observed when the DMAHDM 

concentration was elevated from 0.75 wt.% to 3 wt.% without compromising the 

mechanical properties of the designed formulation 38. DMAHDM also was effective in 

inhibiting periodontal pathogens such as Porphyromonas gingivalis and fusobacterium 

nucleatum 157. 

Other adjunctive antibacterial materials such as silver nanoparticles and a protein-

repellant agent were demonstrated to support the antibacterial action of DMAHDM. One 

study incorporated DMAHDM and 2-methacryloyloxyethyl phosphorylcholine (MPC), a 

protein-repellant agent, was very effective in inhibiting cariogenic 158 and periodontal 159 

pathogens. 0.12 wt.% of silver nanoparticles improved the bioactivity of DMAHDM as 

well 160. The capability of DMAHDM to induce bacterial resistance was investigated in 

two studies 161,162. Even though the two studies demonstrated that DMAHDM did not 

induce bacterial resistance, more investigations involving more bacterial strains are highly 

recommended. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/ammonium
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Introduction to CHAPTER THREE 

Based on the data shown in the literature, DMAHDM as an antibacterial monomer 

and NACP as remineralizing fillers have demonstrated promising results. The next chapter 

discusses the DMAHDM and NACP antibacterial action against plaque-derived biofilms. 

Many in vitro models used in the literature were not representative of the conditions inside 

the human oral cavity. Considering the bacterial diversity within the biofilms, it would 

conceivably be preferable to use natural inoculum to facilitate the development of in vitro 

biofilms to represent the in vivo community more broadly. Plaque-derived inoculum 

isolated from root caries can represent the environmental diversity related to the cervical 

area of the tooth in a site-dependent and niche-dependent manner, making the inoculum 

more clinically relevant for in vitro models testing new antibacterial compounds. Studies 

found that bacterial species isolated from plaque are quantitatively different from other 

areas such as saliva 163,164. More aciduric and cariogenic species can also be isolated from 

caries-active individuals compared to caries-free 163. Such approaches could be effective 

against non-aciduric species compared to highly aciduric species. Therefore, using a 

plaque-derived inoculum is more clinically relevant than any other site inside the oral 

cavity.  

The next chapter discusses functionalizing a resin composite formulation 

containing 5% DMAHDM and NACP fillers with clinically acceptable mechanical 

properties. Previous studies have shown an increased bacterial action in a dose-dependent 

manner, using DMAHDM concentrations ranged between 0.75-3% 38. Increasing the 

DMAHDM concentration higher than 3% may maximize the antibacterial effect of such 

formulation, but it may impart poor mechanical properties and less structural stability, 
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limiting the material's application. As a result, this project aims to design a bioactive resin 

composite with 5% DMAHDM and 20% NACP fillers to maximize bacterial reduction 

with clinically acceptable mechanical properties. Functionalizing such formulation will be 

helpful to restore affected root surfaces and to prevent secondary caries and periodontal 

diseases around class V restorations. Besides, the next chapter addressed the antibacterial 

and mechanical performance of the designed formulation following one year of water 

aging. The long-term evaluation of dental materials is very important to examine such 

material's bioactivity, stability, and integrity over time.  

Therefore, the next chapter demonstrated the design of resin composite 

formulations with 3 and 5 wt.% of DMAHDM with and without a 20% NACP. First, the 

chapter investigated the long-term antibacterial and mechanical properties of the designed 

formulations. Then, the antibacterial action of the formulations against cariogenic and 

periodontal multispecies biofilms isolated from root caries and periodontal diseases, 

respectively, via saliva-derived biofilm models was investigated.  

Central Hypothesis of Aim I 

Bioactive resin composite formulations with 3 and 5% of DMAHDM and 20% of 

NACP fillers would effectively inhibit cariogenic and periodontal pathogens isolated from 

different niches. In addition, the bioactive formulations would preserve their high 

mechanical and antibacterial properties after one year of hydrolytic aging.   
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CHAPTER THREE 

 

Optimizing Resin Composite Formulations with 3 and 5% DMAHDM + 20%NACP 

to Inhibit Cariogenic and Periodontal Pathogens 

 

Abstract 

 

This chapter addressed the design of bioactive resin composite formulations in four 

sections. The first section involved synthesizing and optimizing different formulations 

containing 3 and 5 wt.% of dimethylaminohexadecyl methacrylate (DMAHDM) with and 

without nano-sized amorphous calcium phosphate (NACP). The flexural strength, elastic 

modulus, surface roughness, and surface charge density were assessed. The antibacterial 

properties were assessed via colony-forming units (CFUs), metabolic activities, lactic acid 

production, and live/dead assay using saliva-derived biofilms. In the second section, the 

resin composite samples were subjected to one-year water aging and cyclic fatigue. Then, 

the mechanical performance, surface topography changes, and antibacterial properties 

were assessed. In the third section, the antibacterial properties of the designed formulations 

against plaque-derived biofilms isolated from active root carious lesions were evaluated 

via CFUs, metabolic activities, lactic acid production, and confocal microscopy. Besides, 

the degree of conversion was assessed. In the last section, the resin composite samples were 

challenged against plaque-derived biofilms isolated from periodontal pockets. The CFUs 

of total microorganisms, Porphyromonas gingivalis, Prevotella intermedia/nigrescens, 

Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum were quantified. 

The 16S rRNA gene sequencing of the biofilms grown over the resin composites and 

metabolic activities and polysaccharide production were evaluated. The contact angle and 

surface free energy of the designed formulation were also measured. Our studies' results 

demonstrated that increasing the DMAHDM concentration improved the resin composite's 
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surface charge density, resulting in more inhibition against the saliva-derived biofilms 

without compromising the materials’ surface roughness. Following samples’ aging, the 

mechanical properties were slightly reduced among the samples containing DMAHDM 

and NACP. The antibacterial properties were slightly reduced as well. Surfacy topography 

changes following the cyclic loading were comparable to the experimental control. The 

DMAHDM-NACP resin composites significantly inhibited the plaque-derived biofilms 

isolated from carious lesions and periodontal pockets by 2 to 6-log. The bioactive 

formulations were found very effective in modulating the oral biofilms in aerobic and 

anaerobic conditions with degree of conversion values higher than the commercial control. 

These promising results may provide a pathway to prevent secondary caries and improve 

the clinical longevity of resin composite restorations. 
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 Section 1. Concentration Dependence of Quaternary Ammonium Monomer on the 

Design of High-Performance Bioactive Composite for Root Caries Restorations 1 

 

Introduction  

With the population aging, the prevalence of root caries is rapidly growing, and 

without specific prevention and treatment approaches, it can lead to tooth loss 165. 

Currently, around 20% of senior individuals have untreated carious lesions 15,166. In aged 

individuals, decreased manual dexterity, physical or mental impairment are detrimental 

factors for satisfactory tooth brushing. These alterations, combined with dry mouth and 

low saliva flow, increase susceptibility to one of the most prevalent biofilm-driven oral 

diseases: root caries 166. In root caries, the biofilm formation over the root surface is the 

most significant driver of the process 15,166. Root surfaces with exposed dentin or cementum 

are more susceptible to acid attack as the mineral content is less compared to enamel 165. 

Current commercially available composite materials for root caries treatment do 

not address the specific challenges related to the development of root caries lesions. In 

contrast, composites accumulate more dental plaque (biofilm) compared to other types of 

dental restorations 167. The use of fluoride-releasing restorative materials has been 

suggested to prevent demineralization and secondary caries. However, the burst release of 

fluoride ions occurs only in the first 72h, compromising the long-term impact of this 

 

 

1 This section is a slightly modified version of “Balhaddad AA, Ibrahim MS, Weir MD, Xu HHK, Melo 

MAS. Concentration dependence of quaternary ammonium monomer on the design of high-performance 

bioactive composite for root caries restorations. Dent Mater 2020;36:e266–78” published in Dental Materials 

and has been reproduced here with the permission of the copyright holder. 
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material in the remineralization 168. With all these challenges, the class V-type restorations 

located in the roots with no long-term biointeractivity are at higher risk to develop 

secondary caries 165,169.  

Many attempts were extensively conducted in the last two decades to impart 

biointeractivity into resin-based materials to introduce anti-caries functionalities 170. The 

two main approaches are (1) the presence of antibacterial functionalities in their polymer 

phase or filler particles, and (2) the calcium phosphate sources for restoring lost tooth 

mineral via the sustained release of calcium (Ca) and phosphate (PO4) ions 28. Previous 

efforts to reach antibacterial response on dental materials have included the use of agents 

such as chlorhexidine, chitosan, triclosan, and different antibiotics. The resulting works 

have shown a deprived outcome due to their release rates from composites 171. Other studies 

also reported the ability to incorporate silver to induce antibacterial action with clinically 

stable mechanical properties 79.  

The use of remineralizing micro-sized fillers has been attempted to enhance the 

buffering capacity and remineralize the tooth structure. Some limitations were reported 

related to the inability to neutralize the acid and restore the biofilm plaque pH 74. Therefore, 

nano-sized amorphous calcium phosphate (NACP) particles (average size: 114nm) have 

been suggested as improved remineralizing fillers. Due to the small size and high surface 

area of NACP fillers, reports have shown promising outcomes toward remineralization 

102,103, which makes NACP as a potential filler for future biointeractive resin composites.  

Following the antibacterial functionalities approach, resurgent interest has been 

focused on the use of an antibacterial monomer in the resin-based formulation as contact 

killing strategies 34,116,159. The antibacterial monomers that copolymerized with resin 
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composite complex upon the photo-polymerization have shown promising results for long-

lasting effects 74. As a result, 12-methacryloyloxydodecylpyridinium bromide (MDPB) 

was synthesized and incorporated into resin composites to enhance the antibacterial 

efficiency against caries-related pathogens 31,172,173. Bis(2-methacryloyloxyethyl) 

dimethylammonium bromide (QADM) also demonstrated the ability to reduce the growth 

and activities of S. mutans biofilm in situ 152. From a series of fine-tuning cationic bromide-

containing antibacterial monomers with different alkyl chain lengths, 

Dimethylaminohexadecyl methacrylate (DMAHDM) has presented a potential effect on 

the reduction and modulation of cariogenic species 38. Although the exact mechanism of 

action of immobilized quaternary ammonium dimethacrylate (QAM) is still under debate, 

it has been proposed that the surface charge of the quaternary amine prompts unfavorable 

ion exchange with the bacterial membrane causing bacterial cells disturbance and lysis 

159,174. Increasing the mass fraction of QAM was suggested to increase the antibacterial 

function of such material 38. Therefore, increasing the fraction of DMAHDM from 0.75 to 

3% was found to increase the antibacterial function, which indicates a dose-dependent 

effect of this monomer 38. Previous reports demonstrated that the combination of 

DMAHDM and NACP fillers resulted in a 3-log reduction of caries-related pathogens and 

great inhibition of metabolic activities and lactic acid production using saliva-derived 

biofilm 75.  

Resin-based formulations with high concentrations of antibacterial monomer pose 

a great challenge for the clinical applications due to their impact on mechanical properties, 

in special when a combination with another approach is intended. Acid production and low 

pH environment are essential factors to establish the demineralization process 82,83,175,176. 
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Limiting these factors by incorporating neutralizing fillers such as NACP may decrease the 

risk of secondary caries 28,102.  

In view of the intended use for root caries restorations, the developing bioactive 

composite must present maximum antibiofilm performance to confront high plaque build-

up directly. Under this premise, it is highly demanded DMAHDM-NACP composite to 

acquire competence in resisting a wide range of mechanical forces, particularly under 

deflection forces pertinent to the cervical area of the tooth. Therefore, the aim of this study 

is to investigate the effect of DMAHDM concentration dependence combined with NACP 

on mechanical behavior and the antibacterial response of biointeractive composite intent 

to root caries restorations. It was hypothesized that: (1) the new experimental bioactive 

composite would greatly reduce the biofilm viability, metabolic activity, and lactic acid 

production in a dental plaque microcosm biofilm model based on the present DMAHDM 

concentration; (2) incorporation of high concentration of DMAHDM would not decrease 

the mechanical properties; (3) increase DMAHDM concentration into the NACP 

composite will increase the surface charge density. 

 

Materials and Methods 

Experimental design  

DMAHDM concentration was tested at 3 levels (0%, 3%, and 5%) and 

incorporation of NACP at 2 levels [absence and presence of 20% NACP], as well as a 

desire to understand whether there is an interaction between these two factors on the 

dependent variable.  
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Synthesizing the DMAHDM monomer and NACP fillers  

DMAHDM was synthesized via a modified Menschutkin reaction as described 

before 177. Briefly, 10 mmol of 2-(dimethylamino)ethyl methacrylate (DMAEMA, Sigma 

Aldrich, St. Louis, MO, USA), 10 mmol of 1-bromohexadecane (BHD, TCI America, 

Portland, OR, USA), and 3 g of ethanol were mixed in a 20 mL-scintillation vial. Stirring 

was achieved at 70 °C for 24 h. Then, DMAHDM was extracted after evaporating the 

solvent 178.  

NACP was synthesized via a spray-drying technique 86. Briefly, acetic acid was 

used to dissolve calcium carbonate and dicalcium phosphate anhydrous to construct 

calcium (Ca) and phosphate (P) with concentrations of 8 mmol/L and 5.333 mmol/L, 

respectively. The final molar ratio of Ca/P was 1.5, the same as that for ACP [Ca3(PO4)2], 

which then was sprayed into a heated chamber of the spray-drying machine. Dry NACP 

with a particle size of 116 nm was collected using an electrostatic precipitator.  

 

Formulation and optimizing of composites  

Bisphenol glycidyl dimethacrylate (BisGMA, Esstech, Essington, PA, USA) and 

TEGDMA (Esstech, Essington, PA, USA) were mixed at a mass ratio of 1:1 (referred to 

as BT resin). Then, 0.2% camphorquinone, and 0.8% ethyl 4-N, N-dimethylaminobenzoate 

photoinitiators were added. DMAHDM was introduced to achieve the final mass fractions 

of 3% and 5% in the dental composite. Barium boroaluminosilicate glass particles with a 

median size of 1.4 µm (Caulk/Dentsply, Milford, DE, USA) were silanized with 4% 3-

methacryloxypropyltrimethoxysilane. All the groups had a filler mass fraction of 65%. 

Then, the following groups of dental composites were formulated:  
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(1) Experimental composite control: 35% BT (bisphenol glycidyl dimethacrylate and 

TEGDMA at a mass ratio of 1:1 (referred to as BT resin) + 65% glass particles (referred to 

as “control”);  

(2) 32% BT+ 3% DMAHDM + 65% glass particles (referred to as “3% DMAHDM”);  

(3) 30% BT+ 5% DMAHDM + 65% glass particles (referred to as “5% DMAHDM”); 

(4) 32% BT+ 3% DMAHDM + 20% NACP + 45% glass particles (referred to as “3% 

DMAHDM + 20% NACP”);  

(5) 30% BT+ 5% DMAHDM + 20% NACP (referred to as “5% DMAHDM + 20% 

NACP”). 

 

Mechanical and physical properties  

Flexural strength and elastic modulus. A stainless steel mold of 2 mm × 2 mm × 

25 mm was used to fabricate the samples’ dimensions. Mylar strips were used to assure the 

standardization of the surface smoothness and then light-cured (Labolight, DUO, GC, 

Tokyo, Japan) for 1 min at each side with the radiance emittance of 2330 mW/cm2. 

Following the International Organization for Standardization (ISO) #4049:2000(E) 179, the 

samples were stored for 15 min in water at 37 °C before the molds were detached. Then, 

the samples were stored again in water for 24h at 37 °C. Flexural strength and elastic 

modulus were recorded using a three-point flexural test 86 with a 10 mm span at a crosshead 

speed of 1 mm/min on a computer-controlled Universal Testing Machine (5500R, MTS, 

Cary, NC, USA) by the following equations: 

(1) 𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑆)  =  3𝑃𝑚𝑎𝑥/𝐿(2𝑏ℎ2), 

Pmax = fracture load, L = the span, b = specimen width, and h = specimen thickness. 
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(2) 𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 (𝐸)  =  (𝑃/𝑑)(𝐿3/[4𝑏ℎ3]) 

where P (the load) divided by d (displacement) is the slope in the linear elastic region.  

Surface roughness. The surface roughness (Ra, µm) was recorded from the surface 

that was subjected to the biofilm challenge, described below, using a surface roughness 

measurement instrument (Surftest SJ-310; Mitutoyo America, Aurora, IL). At a constant 

speed of 0.5 mm/s, a force of 4 mN, a 0.25-mm cutoff value, and 1.5-mm tracing length, 

each sample was traversed by the stylus tip (5 µm) 180. The average of five readings from 

each sample was taken to record the final Ra value of each sample. 

 

Quantification of charge density of the quaternary ammonium groups  

The cationic charge density of the composite surfaces was measured using 

fluorescein staining as described 159,181. Composite discs of each group were placed in a 

24-well plate, immersed in 1 mL of fluorescein disodium salt solution in demineralized 

water (10 mg/mL), and shaken at 60 rpm for 10 min in the dark at room temperature. Then, 

the samples were washed with demineralized water three times. The composite disks were 

transferred to a new 24-well plate and immersed in 1 mL of a 0.1 wt.% 

cetyltrimethylammonium chloride solution in demineralized water supplemented with 100 

µL of 100 mM phosphate buffer, sonicated for 5 min, and then shaken in the dark for 20 

min at 60 rpm to desorb complexed fluorescein dye. Composite disks absorbance values 

were read at 501 nm using a plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, 

CA) to yield the concentration of fluorescein dye. The fluorescein concentration was 

calculated using Beers Law and an extinction coefficient of 77 mM−1 cm−1 by performing 

the following equation: 
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[𝐷𝑦𝑒]  =  (𝐴𝑏𝑠501) /  (𝜀501 𝑥 𝐿) 

in which (Dye) is the extracted fluorescein concentration, Abs501 is the absorbance value 

at 501nm, ε501 is the extinction coefficient that is equal to 77mM−1 cm−1 for fluorescein, 

and L is the length of a polystyrene cuvette (1 cm) traversed by the spectrophotometer 

light. Then, the cationic charge density of composite samples was calculated by the 

following equation: 

𝐶ℎ𝑎𝑟𝑔𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  [𝐷𝑦𝑒]  ×  𝑉 ×  𝑁/𝐴  

in which V is the volume of the extraction solution, N is Avogadro’s number = 6.023 × 

1023, and A is the surface area of the composite sample.  

 

Human saliva-based microcosm biofilm model  

Composite disks were made using circular molds with a diameter of 8 mm and a 

thickness of 1 mm. Samples were cured (60 s; dual-mode wavelength 380–510 nm; 1200 

mW/cm2, Labolight, DUO, GC, Tokyo, Japan) and immersed in distilled water and stirred 

at 100 rpm using a magnetic bar for 1 h to remove uncured monomers 75. Then, sterilization 

of the composite samples was achieved with ethylene oxide (AnproleneAN 74i, Andersen, 

Haw River, NC, USA), and then de-gassed for 7 days to assure the complete release of 

entrapped ethylene oxide 76.  

The University of Maryland Baltimore Institutional Review Board approved the 

use of human saliva for this study (HP00050407). The biofilm model involved the use of 

human saliva as inoculum as it was described in previous studies 75–77. Briefly, ten healthy 

individuals with no active caries and no history of antibiotics in the last three months 

donated an equal volume of their saliva. The donors did not brush their teeth for 24 h and 
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avoided food and drink intake 2 h before the collection. The collected saliva mixed to 

assure the complexity and heterogeneity of the microorganisms. Collected saliva was 

diluted in sterile glycerol to a concentration of 70% and stored at −80 °C 75. The saliva-

glycerol solution was added into a McBain artificial saliva growth medium with 1:50 final 

dilution.  

The components of the growth medium were prepared as the following: mucin 

(Type II, porcine, gastric), 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast 

extract, 1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; 50 mM pipes, 15 g/L; hemin, 

0.001 g/L; vitamin K1, 0.0002 g/L, at pH 7 182. 0.2% sucrose was added to this medium. 

Then, each sample was placed in the well of 24-well plates and immersed with 1.5 mL of 

the inoculum. The samples were incubated at 37 °C in 5% CO2, and fresh medium was 

added after 8 and 24 h of the incubation. At a total of 48 h incubation, the samples were 

transferred to perform the live/dead assay, metabolic activity, lactic acid measurement, or 

colony-forming units (CFU). All experiments were performed with six to eight repetitions 

(composite samples) in each of three independent experiments 75,102.  

 

Live/dead staining of biofilms  

Composite samples subjected to 2-day biofilms were washed with phosphate-

buffered saline (PBS) before they were stained with the BacLight live/dead kit (Molecular 

Probes, Eugene, OR, USA) 83,183. Samples were stained with an equal mixture of 2.5 µM 

SYTO 9 and 2.5 µM propidium iodide. Each sample was stained for 15 min. The green 

fluorescence indicated that the presence of live bacteria stained with SYTO9. The red 

fluorescence bacteria by propidium iodide indicated the presence of bacteria with defective 
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and compromised membranes. An inverted epifluorescence microscope (Eclipse TE2000-

S, Nikon, Melville, NY, USA) was used to examine the samples.  

 

MTT assay for quantification of metabolic activity of biofilms  

A colorimetric assay was performed to evaluate the enzymatic reduction of MTT 

(3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide), a yellow tetrazole, to 

formazan 83,183. Composite samples subjected to 2-day biofilms were transferred to a new 

24-well plate and immersed with 1 mL of tetrazolium dye and incubated at 37 °C in 5% 

CO2 for 1 h. Then, samples were transferred to another plate and immersed with 1mL of 

dimethyl sulfoxide (DMSO) for 20 min in the dark to dissolve the formazan crystals. 200 

µL of the DMSO solution of each sample was transferred to a 96-well plate, and the 

absorbance at 540 nm was measured via a microplate reader (SpectraMax M5, Molecular 

Devices, Sunnyvale, CA, USA). A higher absorbance is associated with an increased 

concentration of formazan, which indicates a higher metabolic activity.  

 

Lactic acid production by biofilms  

An enzymatic (lactate dehydrogenase) method was used to determine the lactate 

concentrations in the BPW solutions. Composite samples subjected to 2-day biofilms were 

transferred to a new 24-well plate and immersed with 1.5 mL of buffered-peptone water 

(BPW) plus 0.2% sucrose and incubated for 3 h to allow the biofilms to produce acid. The 

absorbance of the BPW solution of each well was measured at 340 nm (optical density 

OD340) using the microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, 
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USA). A lactic acid standard (Sigma-Aldrich, St. Louis, MO, USA) was used to design the 

standard curves similar to previous studies 75,178.  

 

Colony-forming unit (CFU) counts of biofilms on composites  

Composite samples subjected to 2-day biofilms were transferred to a vial that had 

1 mL CPW, and the biofilms were harvested by sonication and vortex 183,184. Four solid 

culture media were used to evaluate the growth of oral species 76,185.  

I. Tryptic soy blood agar culture plates to evaluate the biofilm growth of the 

total microorganisms.  

II. Mitis salivarius agar (MSA) culture plates having 15% sucrose to evaluate 

the biofilm growth of total streptococci. This MSA agar contains agents 

such as crystal violet, potassium tellurite was added to this MSA agar to 

inhibit most Gram-negative bacilli and most Gram-positive bacteria.  

III. MSA agar culture plates with 0.2 units of bacitracin per mL were used to 

evaluate the biofilm growth mutans streptococci.  

IV. Rogosa agar culture plated to determine the growth of lactobacilli. In this 

rogosa agar, high levels of sodium acetate and ammonium citrate at a low 

pH were added to inhibit most oral microorganisms but not lactobacilli.  

The bacterial suspensions were serially diluted and transferred into each agar plate 

to determine the count of colonies. The agar plates were incubated at 37 °C in 5% CO2 for 

48 h, except for rogosa plates, which were incubated for 72 h. CFU of each specimen was 

calculated by counting the colonies considering the dilution factor  183,184. 
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Statistical analysis  

All experiments were performed with six repetitions in each of three independent 

experiments. The average of the three experiments per sample was considered as a 

statistical unit. The independent variables in this study were DMAHDM incorporation at 

three levels (0%, 3%, and 5%) and NACP incorporation at two levels (absence and 

presence of 20% NACP). Shapiro–Wilk test was performed to confirm the normality and 

equal variance of data. Two-way analyses of variance (ANOVA) and Bonferroni multiple 

comparison tests were performed to detect the significant effects of the dependent variables 

in the mechanical properties and antibacterial effects. A p-value <0.05 was considered 

statistically significant. All the statistical analyses were performed by SPSS statistics 

software (IBM version 26, Armonk, NY, USA). 

 

Results 

Flexural strength and elastic modulus  

The mechanical properties of the composites are plotted in Figure 3.1A (mean ± 

standard deviation (SD); n = 6). 3% DMAHDM resin composite revealed the highest 

flexural strength among the experiment groups, 118.1 ± 6.2 MPa. The value attributed to 

3% DMAHDM was significantly higher than Heliomolar control resin composite and other 

experimental groups (p ≤ 0.05), but close to experimental control (p = 0.99). 5% 

DMAHDM resin composites revealed a flexural strength of 98.38 ± 6.8, which was higher 

but not statistically significant compared to Heliomolar control (p = 0.28). However, the 

flexural strength of 5% DMAHDM resin composites was significantly higher compared to 

DMAHDM-NACP resin composites (p ≤ 0.05). 3% and 5% DMAHDM-NACP 
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demonstrated the lowest flexural strength, but the values were comparable to Heliomolar 

control (p ≥ 0.05). Increasing the DMAHDM concentration, adding the NACP, and the 

interaction between them significantly reduced the flexural strength of the resin composite 

(Table 3.1). The mean values of elastic modulus for all the groups ranged between 6 to 7.2 

GPa (Figure 3.1B). Heliomolar resin composites showed the highest elastic modulus score, 

which was significantly higher than the other groups (p ≤ 0.05).  

 

Figure 3.1. Mechanical properties of composites: (A) flexural strength and (B) elastic 

modulus (mean ± sd; n = 6). Compared to commercial control, adding 3% and 5% 

DMAHDM-NACP did not affect the flexure strength and modulus of elasticity of the 

composite. Values indicated by different letters are statistically different from each other 

(p < 0.05). 
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Table 3.1. Two-way ANOVA for the significane of DMAHDM, NACP, and their 

interaction concerning the mechanical and antibacterial properties. p values of <0.05 are 

considered significant. 

Outcome Factor 
Partial Sum of 

Square 
df 

Mean 

Square 
F Significance 

Flexural 

Strength 

DMAHDM 1253.73 2 626.87 10.89 0.0004 

NACP 6804.03 1 6804.03 118.19 0.0000 

DMAHDMxNACP 467.28 1 467.28 8.12 0.0087 

Residual 1439.27 25 57.57   

Total 13310.81 29 458.99   

Elastic Modulus 

DMAHDM .2 2 .1 3.43 0.05 

NACP .02 1 .02 .81 .38 

DMAHDMxNACP .19 1 .19 6.42 0.02 

Residual .72 25 .03   

Total 1.11 29 .04   

Surface 

Roughness 

DMAHDM .0005 2 .0002 .77 .47 

NACP .0000 1 .0000 .07 .79 

DMAHDMxNACP .0004 1 .0004 1.23 .27 

Residual .008 25 .0003   

Total .009 29 .0003   

Charge Density 

DMAHDM 4.5e+32 2 2.2e+32 15.62 .0000 

NACP 8.7e+31 1 8.7e+31 5.98 .02 

DMAHDMxNACP 6.5e+29 1 6.5e+29 0.04 .83 

Residual 3.6e+32 25 1.5e+31   

Total 1.0e+33 29 3.7e+31   

Metabolic 

Activities 

DMAHDM .12 2 .06 140.6 .0000 

NACP .003 1 .003 6.6 .017 

DMAHDMxNACP .0002 1 .0002 .45 .51 

Residual .01 25 .0004   

Total .18 29 .006   

Lactic Acid 

Production 

DMAHDM 220.05 2 101.87 144.87 .0000 

NACP 39.46 1 39.46 51.96 .0000 

DMAHDMxNACP 34.32 1 24.32 32.03 .0000 

Residual 18.99 25 .76   

Total 426.48 29 14.71   

Total 

Microorganisms 

DMAHDM 16.85 2 8.42 54.14 .0000 

NACP 9.6 1 9.6 61.66 .0000 

DMAHDMxNACP 1.6 1 1.6 10.18 .004 

Residual 3.89 25 .16   

Total 45.95 29 1.6   

Total 

Streptococci 

DMAHDM 10 2 5 10.82 .0004 

NACP 21.9 1 21.9 47.44 .0000 

DMAHDMxNACP 2.37 1 2.37 5.13 .03 

Residual 11.56 25 .46   

Total 63.9 29 2.2   

Mutans 

Streptococci 

DMAHDM 36.3 2 18.15 42.26 .0000 

NACP 2.6 1 2.58 6 .02 

DMAHDMxNACP .68 1 .68 1.6 .22 

Residual 10.74 25 .43   

Total 67.39 29 2.32   

Total 

lactobacilli 

DMAHDM 49.53 2 24.76 237.1 .0000 

NACP 14.61 1 14.61 139.9 .0000 

DMAHDMxNACP .15 1 .15 1.41 .25 

Residual 2.61 25 .1   

Total 99.66 29 3.44   
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Surface roughness  

Figure 3.2 illustrates the surface roughness values after the biofilm challenges. All 

the groups were within the average roughness scores, and no statistically significant 

difference was detected between the groups (F2,27 = 1.05, p ≥ 0.05). Neither the 

DMAHDM nor NACP affected the roughness of the resin composite (p ≥ 0.05).  

 

 

Figure 3.2. The average roughness of DMAHDM-NACP resin composites (mean ± sd; n 

= 8). Values indicated by different letters are statistically different from each other (p < 

0.05). 

 

Surface charge density  

Figure 3.3 demonstrates the surface charge density values of the investigated resin 

composites. In general, increased charge density was associated with 5% DMAHDM and 

the addition of NACP fillers (F2,27 = 24.61, p ≥ 0.05). Compared to experimental control, 
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5% DMAHDM with and without NACP was around 10 times higher in surface charge 

density (p ≤ 0.05), while 3% DMAHDM with and without NACP was 3–7 times higher. 

3% DMAHDM without NACP did not reveal a significant increase compared to control (p 

= 1.0). The DMAHDM concentration demonstrated a significant impact on the surface 

charge density of the resin composite (p = 0.0000). Also, the addition of NACP 

significantly increased charge density (p = 0.02). However, the interaction between the two 

factors did not reveal any significant relation to the charge density (Table 3.1).  

 

Figure 3.3. Resin composite surface charge density (mean ± sd; n = 8). Surface charge 

density significantly increased on the surfaces of the composite with 5% DMAHDM and 

5% DMAHDM-NACP (p ≤ 0.05). The charge density of 5% DMAHDM and 5% 

DMAHDM-NACP resin composite was approximately tenfold compared to the 

experimental control. Values indicated by different letters are statistically different from 

each other (p < 0.05). 

 

Metabolic activities and lactic acid production  

All the investigated experimental groups significantly reduced the metabolic 

activities compared to experimental control (F2,27 = 44.67, p ≤ 0.05) by 70–90% (Figure 
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3.4A). The greatest inhibition of metabolic activities was observed with 5% DMAHDM-

NACP resin composites, which was significantly higher than all other groups (p ≤ 0.05). 

The incorporation of DMAHDM was more effective in reducing the metabolic activities 

(p = 0.000) than the incorporation of NACP (p = 0.015). In the lactic acid production, also 

all the groups demonstrated significant inhibition ranged between 48– 99% (F2,27 = 96.01, 

p = 0.000). 3% DMAHDM significantly reduced the lactic acid production by 48% 

compared to the experimental control (p ≤ 0.05). Greater inhibition was found in the other 

investigated groups, which were significantly higher than the experimental control and the 

3% DMAHDM resin composite p ≤ 0.05). Both DMAHDM and NACP as independent 

factors demonstrated a significant reduction in the metabolic activities and lactic acid 

production of the saliva-derived biofilm. The interaction between the two factors was 

significant in the reduction of lactic acid production (p = 0.0000) but not in the metabolic 

activities (p = 0.51) (Table 3.1).  
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Figure 3.4. Viability of 48-h biofilms on resin composite disks: (A) metabolic activity and 

(B) lactic acid production (mean ± sd; n = 9). Combining NACP fillers into DMAHDM 

resin composite significantly reduced biofilm's metabolic activity and lactic acid 

production (p < 0.05). Values indicated by different letters are statistically different from 

each other (p < 0.05). 

 

Live/dead assay  
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Representative live/dead images of 48 h-biofilm are shown in Figure 3.5. Live 

bacteria are indicated with green stain, while the compromised bacteria are indicated in 

red. Experimental control resin composite samples were associated with more live bacteria. 

Fewer live bacteria were observed with increasing the DMAHDM concentrations and the 

addition of the NACP fillers.  

 

Figure 3.5. Representative live/dead staining images of biofilms: (A) control, (B) 3% 

DMHADM, (C) 3% DMHADM + 20%NACP, (D) 5% DMHADM and (E) 5% DMHADM 

+ 20%NACP (n = 6). All images had the same magnification as (A). Live bacteria were 

stained green, and compromised bacteria were stained red. 
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Colony-forming unit counts of cariogenic biofilm  

The CFU counts of 48 h-biofilm were significantly reduced in all investigated resin 

composites compared to control (Figure 3.6). The incorporation of DMAHDM and NACP 

into resin composites significantly reduced the total microorganisms growing over the 

samples (F2,27 = 99.25, p = 0.000). 2-log reduction in total microorganisms was observed 

with 3% DMAHDM and 3% DMAHDM-NACP resin composites. The use of 5% 

DMAHDM resulted in a 3-log reduction. Using 5% DMAHDM-NACP samples, 4-log 

reduction was recorded. For total streptococci, 2-log reduction was observed with 

3%DMAHDM. A 3-log reduction was achieved when NACP fillers were added to 

3%DMAHDM (F2,27 = 47.84, p = 0.000). Composites containing 5%DMAHDM with and 

without NACP conveyed a 4-log reduction on the total microorganisms. DMAHDM-

NACP resin composites significantly reduced mutans streptococci (F2,27 = 27.95, p = 

0.000) and lactobacilli (F2,27 = 344.7, p = 0.000) growth over resin composite surface. 

Approximately 3-log reduction of mutans streptococci colonies was observed using 3% 

DMAHDM and 3% DMAHDM-NACP, while using 5%DMAHDM and 5% DMAHDM-

NACP resin composites achieved 4-log reduction. Lactobacilli CFU counts were reduced 

by 2-log with 3% DMAHDM resin composite. With 3% DMAHDM-NACP and 

5%DMAHDM, 3-4-log reduction was recorded. Also, 5% of DMAHDM-NACP reached 

a reduction of 5-log. The interaction of both DMAHDM and NACP was significant in 

reducing the counts of total microorganisms and total streptococci only (Table 3.1). 
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Figure 3.6. Colony-forming unit (CFU) counts on resin composite disks (mean ± sd; n = 

9). (A) Total microorganisms, (B) total streptococci, (C) mutans streptococci, and (D) total 

lactobacilli. Values indicated by different letters are statistically different from each other 

(p < 0.05). 

 

Discussion 

In this study, the optimization of the formulation for the increased antibacterial 

effect of a composite with 5% DMAHDM and 20% NACP was successfully attempted for 
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the first time. The hypotheses were proven that 5% DMAHDM and 20% NACP 

incorporated into dental resin composite achieved higher antibacterial action within 

clinically accepted values for mechanical properties.  

The antibacterial action of 3% DMAHDM composites reported here is consistent 

with previous reports 75,186. In this study, the bacterial reduction for total microorganisms, 

total streptococci, and mutans streptococci ranged between 2–3 log with 3% of DMAHDM 

and 20% NACP. In the attempted final formulation containing 5% DMAHDM – 20% 

NACP, an enhanced bacterial reduction of 4–5 log on CFUs was reached for caries-related 

pathogens. The same trend was observed when investigating the amount of reduction 

related to metabolic activities and lactic acid production. 5%DMAHDM-20%NACP resin 

composite demonstrated the most considerable reduction compared to controls.  

The overall superior suppression of the biofilm growth on the composite 

comprising the immobilized quaternary monomer at 5% is attributed to the increased 

surface charge density in this formulation by approx. 8–12 folds compared to the control. 

The positive charge density of quaternized nitrogen (N+), promoted by DMAHDM, on the 

sample surface is an essential property for this material since its mechanism of action is 

suggested to rely on it. Previous works 159,187 reported that this interaction could alter the 

structure of, or potentially remove, the LPS, which can disrupt membrane integrity and 

lead to cell death and suggest that positive charge density of higher than 1015 N+/cm2 is 

critical to induce an antibacterial effect. In this study, all the investigated resin composites 

have revealed a charge density greater than 1015 N+/cm2. 

For the intent of dual action with remineralizing capabilities, 20% of NACP was 

incorporated into the parental composite formulation. Previous studies found this content 
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is optimum to induce burst ion release without affecting the mechanical performance of the 

resin-based materials 82,83. NACP fillers have the ability to released high levels of Ca and 

P ions at the cariogenic pH, altering the acidic environment surrounding the composite 

28,75,188. Previous peer-reviewed studies did not show a significant antibacterial effect when 

NACP particles were added alone to the resin composite formulation 75,189. However, it can 

be suggested that the vast ion release in this particular formulation may indirectly 

contribute to the modulation of the cariogenic biofilm.  

Clinical performance of root surface restorations does not only express challenges 

related to the plaque build-up but also face unique mechanical requirements. Previously, 

only pulling forces by sticky food could compromise the retention of Class V restorations 

190. However, it has been found that occlusal and extrusive forces have the ability to transfer 

shear stress to class V restorations, which may compromise the retention of the restoration 

and introduce cracks at the tooth restoration interface 190. The stress distribution present in 

the cervical areas of the tooth also has been correlated with marginal leakage, which may 

facilitate the invasion of cariogenic species at the tooth/restoration interface 191. Class V 

restorations are subjected to lower force compared to their occlusal counterparts, but these 

restorations should also have excellent mechanical properties to withstand the negative 

consequences of cervical stress.  

Composites investigated in this study shown acceptable mechanical properties 

compared to commercial control. 3% and 5% DMAHDM resin composites demonstrated 

higher flexural strength than Heliomolar resin composite, commercial control indicated for 

class V cavity preparations. Since our formulation at 5% DMAHDM composites achieved 

acceptable mechanical performance compared to Heliomolar control, these designed 
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formulations of DMAHDM could be suitable for these cavity preparations. The aimed 

formulation of 5% DMAHDM + 20% NACP composite also reached flexural strength 

values higher than resin-modified glass ionomer (RMGI), which ranged between 25–55 

MPa as reported in previous studies 76,103,192. RMGI is used frequently to restore class V 

cavity preparations that involve the root surfaces of the tooth structure 193,194. Studies have 

found that the retention rate and clinical longevity of RMGI are comparable to the 

conventional resin composite restorations 193,194. The root surface represents a particular 

area that is difficult to be cleaned and a biofilm stagnation area contributing to the 

development of dental caries 169.  

Based on it, the novel DMAHDM-NACP resin composites could be a candidate to 

reduce the risk of new lesions around the restored tooth root surfaces. Surfaces with high 

roughness values and irregularities are associated with a higher amount of plaque 

accumulation 195 and color change, compromising the esthetic appearance of such 

restoration 196. Cariogenic biofilms with lactic acid production may degrade the resin 

composite complex due to the leach of unreacted monomers and the swelling of the 

restoration surface 195. These circumstances increase the roughness of such restoration, 

which subsequently facilitates bacterial attachment and colonization 195. Therefore, it is 

relevant to the proposed antibiofilm composite to have acceptable smoothness, especially 

after the biofilm challenge. In this study, all the groups demonstrated clinically acceptable 

roughness values of less than 0.2 µm, which indicates the ability of all the groups to 

preserve the surface topography and resist the biofilm challenge. Future studies may 

investigate the impact of DMAHDMNACP resin composites on the polymerization 

behavior, including the degree of conversion and polymerization shrinkage. Moreover, the 
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long-term bioactivity, mechanical stability, and loading fatigue behavior of restorative 

materials should be investigated.  

The concentration dependence of the quaternary ammonium monomer on the 

design of high-performance bioactive composite for root caries restorations was 

investigated for first time. A high-antibiofilm bioactive composite for root caries 

restorations having 5%DMAHDM-20% NACP could be flexibly tailored during 

formulation without detrimental outcome for mechanical function. The enhanced 

antibacterial performance of the novel biointeractive composite has a great potential to 

suppress the dental plaque build-up, which can be a prospective treatment strategy to 

prevent secondary caries around restored root caries lesions at high-risk elderly patients.
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Section 2. Sustained Antibacterial Effect and Wear Behavior of a Quaternary 

Ammonium Contact-Killing Dental Polymers After One-year of Hydrolytic 

Degradation 1 

 

Introduction 

The most used restorative materials for dental fillings are resin composites. They 

have excellent aesthetic characteristics, which mimic the natural teeth appearance 197. 

Composites require less invasive cavity preparations compared to other restorative 

materials. However, composites present a reduced lifespan and concerning failure rate in 

clinical studies 198–200. The most common reasons for restorations replacement are 

secondary caries and restoration fracture 201.  

Several investigations have been attempted to defeat this problem by imparting 

antibacterial additives into composite restorations 202. However, incorporating antibacterial 

agents to be released from the materials has shown limited long-term performance once the 

ion release occurs from a booster in the initial weeks to a few months, then the amount of 

discharging decreases over time 203. The approaches to overcome the limited release and 

promoted sustained ion release to convey an antibacterial effect are an ongoing 

investigation area. 

Another strategy to convey dental materials with antibacterial properties involves 

incorporating antibacterial monomers, such as polymerizable quaternary ammonium 

methacrylates (QAMs), where the antibacterial agent is a component of the polymer 

 

 

1 This section is a slightly modified version of “Balhaddad AA, Mokeem LS, Weir MD, Xu H, Melo MAS. 

Sustained Antibacterial Effect and Wear Behavior of Quaternary Ammonium Contact-Killing Dental 

Polymers after One-Year of Hydrolytic Degradation. Applied Sciences 2021;11:3718” published in Applied 

Sciences and has been reproduced here with the permission of the copyright holder. 
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matrix, granting the polymer surface with contact-active antibacterial activity 31,177,204. 

Quaternary ammonium methacrylates have been investigated as promising long-lasting 

antibacterial compounds as they co-polymerize and covalently bond with the other 

monomers in the composite formulation 31,204.  

More recently, dimethylaminohexadecyl methacrylate (DMAHDM) has been 

synthesized, and its concentration was tuned to induce a high antibacterial effect in 

preclinical reports 205,206. The robust antibacterial performance of DMAHDM is attributed 

to its high surface charge density that can pull toward the negatively charged cell membrane 

of bacteria. Besides, DMAHDM has a long alkyl-chain that could improve the monomer's 

penetration capability against the attached microorganisms 205,206. 

To complement the antibacterial composites' anticaries strategy, nano-sized 

amorphous calcium phosphate (NACP) fillers were added to the composite formulations 

to impart remineralization capabilities  28. Composites containing NACP fillers release 

more calcium (Ca) and phosphate (P) ions during the acidic pH challenge 207. The Ca and 

P ion release behavior confers buffering capacity and forms a hydroxyapatite layer to 

remineralize tooth surfaces subjected to demineralization 74,208,209. 

The dual antibacterial and remineralizing formulation with DMAHDM and NACP 

has been intensively investigated and had demonstrated encouraging immediate anticaries 

outcomes with no impact on the mechanical or physical properties 208,209. However, new 

anticaries composites intended for a clinical application will be subject to aging inside the 

mouth and exposed to chemical, physical, and mechanical processes 210. Polymer 

degradation and aging are among the most intimidating difficulties to the long-term 

application of new resin-based dental materials 211. 
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Dental composites are constituted of an organic polymer matrix, usually 

methacrylate-based monomer, and inorganic reinforcing filler particles, commonly glass, 

quartz, such as alumina, or silica. As the polymer matrix is the resin component of a cured 

dental resin composite, over time, deterioration is expected with the clinical service 212. 

Bonds made between the coupling agent and inorganic filler particles are prone to chemical 

hydrolysis. This process includes physical reactions such as sorption, dissolution, and 

elution and physical changes such as softening and swelling 213. Additionally, the polymer's 

water sorption and hydrolytic degradation increase material susceptibility to wear during 

mastication 214. Previous reports on bioactive composites have focused on short-term 

effects (up to 180 days) and ion release 37,215. 

As the aging course of dental composites is a crucial consideration in the 

developing process for new composites in the oral cavity, this study aims to investigate the 

antibacterial effect, mechanical performance, and surface topography of new anticaries 

dental composites after one-year water storage and simulated wear. Baseline results were 

compared to the new results obtained from the long-term evaluation. 

 

Materials and Methods  

Two concentrations of DMAHDM were used (3 and 5 wt.%) in the absence and 

presence of NACP (20 wt.%) to evaluate their outcomes on the dependent variables. Figure 

3.7 illustrates the design of the study. The designed formulations containing 3 or 5% 

DMAHDM with and without NACP, the experimental and commercial controls were aged 

via water-aging for one year or fatigue aging using a chewing simulation machine for 

250,000 cycles, equivalent to one year of clinical service under chewing simulation.  
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Figure 3.7. Flowchart of the experimental design proposed in this study. Different 

antibacterial formulations were designed. Following the aging, the mechanical properties 

were assessed via flexural strength, elastic modulus, and measurements of the topography 

changes following simulated wear. The antibacterial activity was analyzed by biofilm plate 

counting method, metabolic assay, colorimetric quantification of lactic acid, and Baclight 

® bacterial viability assay. 

 

Samples Aging 

The base resin composed of bisphenol glycidyl dimethacrylate (BisGMA, Esstech, 

Essington, PA, USA) and triethylene glycol dimethacrylates (TEGDMA, Esstech) at a 

mass ratio of 1:1. Camphorquinone (0.2 wt.%) and ethyl 4-dimethylaminobenzoate (0.8 

wt.%) were used as photoinitiators. Barium boroaluminosilicate glass particles (median 
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size: 1.4 μm; Dentsply Sirona, Milford, DE, USA) silanized with 4 wt.% 3- 

methacryloxypropyltrimethoxysilane were incorporated as base fillers. Then, Specimens, 

that were prepared previously [15], were divided into the following groups:  

Commercial control (Heliomolar, Ivoclar Vivadent, Mississauga, ON, Canada): 22% 

BisGMA and Urethane dimethacrylate resin mix + 77% highly dispersed silicon dioxide, 

prepolymer, and ytterbium trifluoride as fillers + <1% stabilizers, catalysts, and pigments;   

Experimental Control: 35% BisGMA-TEGDMA resin mix 1:1 ratio + 65% glass particles; 

3% DMAHDM: 32% BisGMA-TEGDMA resin mix 1:1 ratio + 3% DMAHDM + 65% 

glass particles; 5% DMAHDM: 30% BisGMA-TEGDMA resin mix 1:1 ratio + 5% 

DMAHDM + 65% glass particles; 3% DMAHDM+20% NACP: 32% BisGMA-TEGDMA 

resin mix 1:1 ratio + 3% DMAHDM + 20% NACP + 45% glass particles; 5% 

DMAHDM+20% NACP: 30% BisGMA-TEGDMA resin mix 1:1 ratio + 5% DMAHDM 

+ 20% NACP + 45% glass particles. 

The samples were immersed in distilled water and stored at 37 C for one year of 

water-degrading aging. Following the one-year time, flexural strength and elastic modulus 

were performed to evaluate the mechanical properties. The antibacterial properties were 

assessed via biofilm plate counting method, metabolic assay, colorimetric quantification of 

lactic acid, and Baclight ® bacterial viability assay. The results were compared to our 

previous data 208 when the composite samples were tested immediately without aging 

(referred to as baseline samples).  

For the simulated wear, the samples were immersed in artificial chemical saliva 

prepared according to a previous study 216 and subjected to a chewing simulation machine 

(Chewing simulator CS-4, SD Mechatronik GMBH, Feldkirchen-Westerham, Baviera, 
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Germany). The chewing simulation machine is designed to permit appropriate 

standardization of the number of cycles, speed, load, and frequency against the composite 

samples. Composite samples were subjected to a load of 49 N, an equivalent of 5 kg, and 

250,000 cycles, which is equivalent to almost one year of clinical service 216.  

The opposing contact was a steatite tip with 6 mm of diameter (SD Mechatronik, 

D-83620 Feldkirchen-Westerham, Germany), which was controlled to attain an upward 

movement of 2 mm, downward movement of 1 mm, horizontal movement of 0.7 mm, 

speed of upward movement of 40 mm/s, speed of downward movement of 40 mm/s, speed 

of horizontal movement of 40 mm/s, and frequency of 1 Hz 217. By the end of the simulated 

wear, the composite samples' topography changes were investigated via scanning electron 

microscopy (SEM) and surface roughness instrument.  

 

Mechanical properties (Flexural Strength and Elastic Modulus) 

The samples were prepared using a stainless-steel bar mold (2 × 2 × 25 mm3). A 

thin polyester strip was applied on the top of the samples to assure standardization of the 

surface smoothness 179. The samples were light-cured (Labolight, DUO, GC, Tokyo, Japan) 

for 1 min at each side with the radiance emittance of 2330 mW/cm2. The samples were 

kept in water for 15 min before detachment and stored in water for one year. After water 

aging, the bars were subjected to samples flexural strength and elastic modulus using a 

three-point flexural test previously described 206. 

 

Surface Roughness and Wear Behavior 
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Composite discs (Ø=8mm; 2mm-thickness) were fabricated using a customized 

mold and cured (Labolight, DUO, GC, Tokyo, Japan) for 1 min per side to deliver 2330 

mW/cm2 radiant emittance. The surface roughness parameters were noted from the surface 

exposed to the simulated wear, as described above, using a surface roughness tester 

(Surftest SJ-310; Mitutoyo America, Aurora, IL). At a sustained speed of 0.5 mm/s, a force 

of 4 mN, a 0.25-mm cutoff value, and 1.5-mm tracing length, each sample was traversed 

by the stylus tip (5 µm) 180. An average of five readings from each sample was taken. Then, 

the following parameters were measured: 

1. Average surface roughness (Ra): Ra represents the average surface roughness from 

the roughness profile's mean line. 

2. Maximum peak height (Rq): denoted as the highest peak produced by the chewing 

simulation. A high Rq value indicates a high amount of wear. 

3. Maximum valley depth (Rv): stated as the deepest valley produced by the chewing 

simulation. A high Rv value indicates a high amount of wear. 

4. Maximum high of the profile (Rt): Rt estimates the distance between the maximum 

peak height and the maximum valley depth. 

By estimating these roughness parameters before and after the simulated wear, the variation 

of Ra, Rq, Rv, and Rt for each sample and each group (ΔRa, ΔRq, ΔRv, ΔRt) were 

calculated. The delta values (Δ) were obtained by subtracting the final values from the 

initial ones. The results were expressed in μm. 

 

Scanning Electron Microscopy 
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Following the simulated wear, a representative sample of each group was examined 

via scanning electron microscopy (SEM). The samples were mounted and gold-sputtered. 

The composites' surface morphology was then visualized via SEM (Quanta 200, FEI 

Company, Hillsboro, OR, USA) with 3.5 kV. The representative images were taken at 100, 

500, and 1,000 × magnification. 

 

Microcosm biofilm model 

Composite discs (Ø=8 mm; 0.5 mm-thickness) were fabricated using a customized 

mold and cured as described above. The discs were stored in water per one day and then 

stirred for 1 h at 100 rpm using a magnetic bar to release uncured monomers 218. After one 

year of water aging, samples were subjected to a gas diffusion sterilization (Ethylene 

oxide), followed by seven days of de-gassing to guarantee the complete release of 

entrapped ethylene oxide 188. The biofilm model used has involved human saliva as 

inoculum as previously described 75–77,208. The local Institutional Review Board approved 

the use of human saliva for in vitro biofilm experiments. The saliva was collected from ten 

people with healthy oral status. The donors avoided brushing their teeth 24 h and eating or 

drinking 2 h before saliva collection. 

The saliva obtained from each donor was pooled, diluted in sterile glycerol at a 7:3 

ratio, and stored at -80 C freezer 75–77,208. According to the previous report, the saliva-

glycerol solution was used as bacterial inoculum mixed with a McBain artificial saliva 

growth medium at a 1:50 ratio 182. Next, each composite disc was placed in a 24-well plate 

well containing the mixed inoculum-growth media and incubated. Growth media was 

replenished at 8 and 24 h after the initial incubation following the protocol described in 
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previous reports 75–77,208. Biofilm plate counting method, metabolic assay, colorimetric 

quantification of lactic acid, and Baclight bacterial viability assay were measured in three 

independent experiments. 

 

Biofilm plate counting method 

The biofilm grown over the top of the aged composite discs (n=9) were moved to 

a vial with 1 mL cysteine peptone water (CPW) for biofilm detachment via sonication and 

vortex. The biofilm solution was then diluted and plated in one non-selective growth agar 

(Tryptic soy supplemented with 5% sheep blood) and two selective agar plates (Mitis 

salivarius agar and Mitis salivarius bacitracin agar) to grow total streptococci and mutans 

streptococci, respectively 75–77,208. After 48 h of incubation, each plate's colony-forming 

units were counted and expressed as CFU/per disc. The data was then transformed in log 

10 for bacterial reduction assessment. 

 

Metabolic assay 

Representative samples of aged composite discs were subjected to a metabolic 

assay (n=9). This assay is based on metabolically active cells' ability to transform a water-

soluble dye[3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide] into an 

insoluble formazan. The used protocol was described as other else 208. 

 

Colorimetric quantification of lactic acid 

The lactic acid produced by the biofilm was quantified via an enzymatic (lactate 

dehydrogenase) assay. Following the 2-day biofilm formation, representative aged discs 

(n=9) were submerged into 1.5 mL of buffered peptone water supplemented with 0.2% 
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sucrose. After the 3h-incubation, the absorbance of the solution in each well was calculated 

(optical density OD340nm) using the microplate reader. Standard curves were obtained, and 

results were expressed in mmol/L 208,219. 

 

Baclight bacterial viability assay 

The viability of the biofilm grown over representative samples of each group was 

assessed using Baclight kit (Molecular Probes, Eugene, OR, USA). Each sample was 

stained with a solution of SYTO 9 and propidium iodide (1:1 ratio) for 15 min. Then 

samples were taken under an inverted epifluorescence microscope (Eclipse TE2000-S, 

Nikon, Melville, NY, USA). The green fluorescence represents live bacteria's presence, 

while the red fluorescence indicates the presence of bacteria with defective and 

compromised bacterial membranes 208,220. 

 

Statistical analysis 

All experiments were performed with replicates in each of the three independent 

experiments. Normality and equal variance of data were confirmed using the Shapiro-Wilk 

test. One-way analysis of variance (ANOVA) and Tukey's multiple comparison tests were 

performed to detect the dependent variables' significant effects on the antibacterial assays 

and topography changes. Mechanical properties and normalized data of the antibacterial 

assays before and after aging for each group were compared using the t-test. A p-value 

<0.05 was considered statistically significant. All the statistical analyses were performed 

by Sigma Plot 12.0 (SYSTAT, Chicago, IL, United States). 
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Results 

In Figure 3.8A, the 3% DMAHDM, 5% DMAHDM, and 5%DMAHDM-

20%NACP groups had experienced a significant reduction in the flexural strength 

following the water aging (p< 0.05). Although values are acceptable according to ISO 4049 

[37]. For the elastic modulus (Figure 3.8B), experimental control, 3% DMAHDM, 5% 

DMAHDM and 3% DMAHDM-20% NACP were increased after aging by around 8% (p> 

0.05; power of analysis = 100%). 
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Figure 3.8. (A) The flexural strength values (mean ± sd; n=6) of different composite 

formulations at baseline and after aging. (B) The elastic modulus values (mean ± sd; n=6) 

in composite formulations after aging and baseline. *Asterisks indicate significant 

differences compared to baseline values before aging. 
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For the biofilm inhibition, the DMAHDM-NACP composites significantly reduced 

the CFU counts of the total microorganisms' growth in comparison to the control group by 

2-3-log (p< 0.001) (Figure 3.9A). Overall, the log reduction was reduced after aging by 

around 0.5-1-log using the 5%DMAHDM, 3%DMAHDM-20%NACP, and 

5%DMAHDM-20%NACP composites (Figure 3.9D). For the total streptococci, all the 

antibacterial formulations resulted in significant inhibition of 1.5-3-log after aging (p< 

0.001) (Figures 3.9B). After normalizing the data, the bacterial log reduction demonstrated 

that the 3%DMAHDM-20%NACP group was the only composite with a significantly 

reduced antibacterial action by around 1-log (Figure 3.9E). For mutans streptococci, all the 

formulations significantly (p< 0.05) reduced the CFUs after aging (p< 0.001). However, 

(Figure 3.9F) showed a significant decline of 1-1.5-log of the antibacterial formulations 

against the mutans streptococci CFU. 
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Figure 3.9. Colony-forming unit (CFU) counts of the (A) Total microorganisms, (B) total 

streptococci, and (C) mutans streptococci on the composite surface (mean ± sd; n=9). 

Different letters indicate significant differences between groups (p<0.05). The difference 

in the log reduction between the baseline and aged samples concerning the (D) Total 

microorganisms, (E) total streptococci, and (F) mutans streptococci is illustrated. 

*Asterisks indicate significant differences compared to baseline values before aging. (EC= 

experimental control; 3D=3%DMAHDM; 5D=5%DMAHDM; 3DN=3%DMAHDM-

20%NACP; 5DN=5%DMAHDM-20%NACP). 
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When analyzing the metabolic activity results, all the antibacterial formulations 

demonstrated metabolic activity reduction following aging (p< 0.05). However, the 5% 

DMAHDM and 5%DMAHDM-20%NACP groups showed slightly increased activity 

compared to the baseline samples. When the data were normalized (Figure 3.10B), the aged 

samples were found to reduce the metabolic activity by 61-86%, while the baseline samples 

reduced it by around 68-89%. No significant difference was found between aged and non-

aged samples concerning each group after normalizing the data except for the 5% 

DMAHDM group (Figure 3.10B). 

For the lactic acid production, the 5%DMAHDM and 5%DMAHDM-20%NACP 

groups significantly (p< 0.05) decrease the lactic acid production after aging compared to 

the control (Figure 3.10C). The amount of lactic acid production was slightly increased 

after aging concerning each antibacterial formulation. The capability of lactic acid 

inhibition was reduced by around 15-35% (Figure 3.10D). The 3%DMAHDM is the only 

group that did not show a reduced inhibition after aging compared to the baseline 

counterpart (p> 0.05). 
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Figure 3.10. (A) The metabolic activities and lactic acid production (C) of the biofilms 

grown over the baseline and aged samples (mean ± sd; n=9). Different letters indicate 

significant differences between groups (p<0.05). The normalized data of the (B) metabolic 

activities and (D) lactic acid reduction in percentage. *Asterisks indicate significant 

differences compared to baseline values before aging. (EC= experimental control; 

3D=3%DMAHDM; 5D=5%DMAHDM; 3DN=3%DMAHDM-20%NACP; 

5DN=5%DMAHDM-20%NACP). 

 

The live/dead images showed high quantification of viable microorganisms over 

the experimental control (Figure 3.11B). The incorporation of 3% and 5% DMAHDM into 
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the composite formulation was associated with a mixture of viable and dead/compromised 

colonies (Figures 3.11C-D). Adding 20% of NACP to the DMAHDM was associated with 

the minor viable microorganisms (Figures 3.11E-F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. The live/dead images for the biofilms formed over the composites’ surface 

(n=3). (A) A schematic drawing showing the accumulation of the biofilm over the 

composite surface. Live bacteria were stained green, and compromised bacteria were 

stained red. More viable microorganisms were associated with the experimental control 

group (B), followed by the 3% and 5% DMAHDM (C and D). The minimum load of viable 

bacteria was observed over the DMAHDM-NACP groups (E and F). 
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Table 3.2 shows the topography changes following the simulated wear. No 

significant difference was found between all the groups when the Ra, Rq, and Rv values 

were observed (p> 0.05). However, observing the Rt value, the 5% DMAHDM-20% 

NACP group was significantly associated with more surface discrepancies compared to the 

experimental control (p< 0.05). Figure 3.12 illustrates the SEM images of the composite 

samples following the simulated wear. All the investigated groups showed surface 

topography changes. 

Figure 3.12. Scanning electron microscopy showing the topography changes on the 

composites’ surfaces following the simulated wear at ×100, ×500, and ×1000 

magnification. 

 

Table 3.2. The difference in average surface roughness (ΔRa), maximum peak height 

(ΔRq), maximum valley depth (ΔRv), and the average distance between the highest 

peak and lowest valley (ΔRt) of the resin composite formulations subjected to cyclic 

fatigue (mean ± SD). Values indicated by different letters are statistically different 

from each other (p < 0.05). 

 

Resin composite 

formulation 
Ra (μm) Rq (μm) Rv (μm) Rt (μm) 
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Table 3.2. Continued.  

Commercial Control 0.292 ± 0.098 a 0.189 ± 0.109 a 0.590 ± 0.178 a 1.583 ± 0.429 ab 

Experimental Control 0.104 ± 0.067 a 0.250 ± 0.107 a 0.221 ± 0.092 a 0.325 ± 0.048 a 

3% DMAHDM 0.223 ± 0.145 a 0.307 ± 0.158 a 0.439 ± 0.363 a 1.212 ± 0.627 ab 

5% DMAHDM 0.310 ± 0.227 a 0.304 ± 0.164 a 0.591 ± 0.549 a 1.674 ± 1.032 ab 

3% DMAHDM – 20% 

NACP 
0.282 ± 0.176 a 0.323 ± 0.180 a 0.604 ± 0.438 a 1.250 ± 1.036 ab 

5% DMAHDM- 20% 

NACP 
0.313 ± 0.166 a 0.388 ± 0.249 a 0.790 ± 0.422 a 2.120 ± 1.537 b 

 

Discussion 

Bioactive composites are constantly being investigated to reduce the risk of 

treatment failure over time. One drawback of this process is the short-term effect of the 

materials on bacterial growth 28. As a result, bioactive dental composites may demonstrate 

reduced antibacterial properties and weak mechanical performance, threatening their 

clinical longevity. Early failure of composite restorations may occur due to the breakdown 

of the resin matrix and its interface with the filler. The hydrolysis of the silane-resin bond 

could be another mechanism for degradation due to aging 221. These different degradation 

patterns may leach the resin matrix and initiate cracks and flaws within the composite's 

structure, which could deteriorate the restoration's mechanical properties 222. 

The degradation and leaching process can chemically and physically change the 

structure of the composite 210. Antibacterial formulations with a high rate of degradation 

and structure changes due to aging are highly expected to lose their bioactivity and strength. 

As a result, the long-term evaluation of bioactive formulations' antibacterial and 

mechanical performance is essential before translating them into clinical models. 

This study has investigated the impact of water aging on the bioactive composite 

formulations containing DMAHDM and NACP. Our hypothesis was partially accepted as 
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after one year of water aging, the bioactive formulations demonstrated great antibacterial 

action but slightly reduced in certain mechanical properties compared to the baseline 

samples. This present study provides the first outcomes of long-term aging of bioactive 

composites containing DMAHDM and NACP. 

The use of contact-killing monomer in the resin matrix was proposed in 1993 29. 

Since then, several QAMs have been used to impart bioactivity in resin-based materials. 

DMAHDM, as an antibacterial monomer, has a broad antimicrobial spectrum. Its 

antibacterial mechanism depends on contact inhibition where the positively charged 

quaternary amine N+ sites contact the negatively charged bacterial cell membrane 36. As a 

result, the cell membrane will be disrupted, and cytoplasmic leakage will occur 209. 

DMAHDM demonstrates more significant biofilm inhibition compared to other 

QAMs, such as dimethylaminododecyl methacrylate (DMADDM). This might contribute 

to the long alkyl chain within the DMAHDM structure, which may increase the monomer's 

contact surface, resulting in more pronounced inhibition. DMAHDM is co-polymerized 

with the resin matrix via a covalent bond with the polymer network made it immobilized 

in the composite 142,223. This characteristic ensures that DMAHDM will constantly attain 

its antibacterial capability and not collapse over time 224, which was supported by our 

findings. 

Total microorganisms and total streptococci bacterial inhibition showed almost no 

difference between the baseline and water-aged composite samples. One exception was 

noticed with the 5% DMAHDM group, where there was about a 2-log difference in 

reduction on total microorganisms in the water-aged samples. On the other hand, mutans 

streptococci showed less antibacterial effectiveness after aging than the baseline results. S. 
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mutans is considered an indicative bacterium related to dental caries due to its capability 

in acid production, acid tolerance, and the synthesis of intracellular and extracellular 

polysaccharides 225. The results suggest that aged samples were less effective against 

cariogenic bacteria, as the baseline samples were more efficient in killing cariogenic 

species. This could be attributed to the composite physical changes due to aging, allowing 

the cariogenic species to adhere more efficiently to the surface than the smooth and non-

altered baseline samples. Besides, the resin matrix's leaching may affect the distribution of 

the DMAHDM over the composite surface, which may compromise the contact killing 

against the cariogenic species. This explanation could be supported by the fact that 

DMAHDM has only one methacrylate side 226,227. As a result, the cross-linking efficiency 

with other monomers might not be efficient such as dimethacrylate monomers. 

There were no significant differences between aged and baseline samples 

concerning metabolic activities and lactic acid reduction in this study. However, we noticed 

that the 5% DMAHDM and 5% DMAHDM-20% NACP composites revealed slightly 

higher metabolic activity after aging. Lactic acid production was also higher in those 

groups than the 3% DMAHDM-20% NACP compared to baseline samples. This outcome 

could be correlated to the physiological state of the viable bacterial cells. However, despite 

the reduced effectiveness, the designed formulations demonstrated potent antibacterial 

effects following the aging process, indicating the capabilities of these formulations to 

induce repeated antibacterial actions as the biofilm is detected. Although these 

formulations are promising clinical candidates to control secondary caries, their frequent 

use may lead to bacterial resistance. However, one study found that the frequent use of 
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DMAHDM did not induce bacterial resistance against S. mutans and other endodontic and 

periodontal pathogens 162. 

It is of utmost importance to evaluate any new product's mechanical properties, 

predict its performance, and prevent catastrophic failures 228,229. In dental composites, 

mechanical properties should be sufficient to function in the oral cavity for an extended 

period, hopefully encompassing the patient's lifetime 230. The bioactive composites in this 

study demonstrated acceptable clinical performance compared to the commercially tested 

composite before aging. 

After one year of aging, the 3% DMAHDM, 5% DMAHDM, and 5%DMAHDM-

20%NACP groups showed a significant reduction in flexural strength than their baseline 

counterparts. However, the 3%DMAHDM composites showed a higher flexural strength 

value than the commercial control even after aging. The other groups did not show reduced 

values than the baseline measurement, but the reduction was not significant. These results 

may suggest that bioactive composites formulated in this study are mechanically stable. 

While there is a minor concern related to the 5%DMAHDM-20%NACP group, it might be 

preferable to limit this group's use in a low-stress area inside the oral cavity, such as 

cervical and root restorations. 

Masticatory load and salivary esterase might affect the surface smoothness of 

composite restorations inside the oral cavity, which may cause irregularities and physical 

changes that accelerate the rate of plaque accumulation 195. Besides, irregularities and 

physical changes may allow cracks and flaws within the composites, acting as a stress 

concentration area facilitating the fracture of such restoration 222. Hence, it was imperative 

to evaluate the surface roughness and wear behavior of the bioactive formulations overtime 
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via simulated chewing. In vitro chewing testing provides valuable inputs by simulating 

clinical settings through masticatory load and artificial saliva 231,232, which assists in the 

material evaluation. 

This study used 250,000 cycles representing one-year clinical service to evaluate 

our bioactive composites. All the samples reported similar average surface roughness. 

Particle size, shape, hardness, fillers distribution, properties of the matrix, and the 

interfacial bonding can influence new formulations' abrasive resistance. Here, the 

incorporation of the two anticaries agents has not compromised the surface roughness 

.No significant differences were also noticed between the Rv and Rq values 

regarding the wear behavior. Only the Rt parameter, which marks the difference between 

the maximum peak height and the maximum valley depth, revealed a significant difference 

between the experimental control and the 5%DMAHDM-20%NACP group, which in line 

with the finding showing that the 5%DMAHDM-20%NACP group had the lowest flexural 

strength following aging. This phenomenon could be explained by the resin matrix and its 

filler interface breakdown due to aging and the degradation that may change the 

composite's physical structure. 

This study is limited to a one-year evaluation for water-based degradation. 

However, the aging of dental composites inside the mouth is further complex under the 

influence of saliva, cariogenic biofilms, and patient’s diet. In vitro aging models for dental 

materials evaluate only single factors, missing the complexity of the synergy of factors. 

Besides, the biofilm model used in this study was in static condition with high 

concentration of bacterial nutrients, which may allow more biofilm biomass to accumulate 

over the composites. This static model is different than the dynamic biofilm formation 
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found inside the oral cavity, where saliva’s shear force could affect the availability of 

nutrients 233. Therefore, complex evaluations are encouraged to obtain clinically relevant 

information to predict better the performance of new antibacterial and remineralizing 

dental materials. Besides, future studies may conduct preclinical studies to assess in situ 

degradation of new anticaries formulations inside the oral cavity. In situ models are highly 

recommended as a transitional phase to clinical trials. They also extend the knowledge 

about oral physiological processes, which helps verify the in vitro outcomes 152. 

In summary, composite materials placed inside the oral cavity are subjected to 

degradation by the colonization of pathogenic microorganisms or by salivary enzymes. 

Designing a bioactive antibacterial composite formulation with prolonged antibacterial 

action and excellent mechanical properties is essential to assure long-term clinical service. 

In this study, all the antibacterial formulations reduced the CFUs of total microorganisms, 

total streptococci, and mutans streptococci by 1.5-3-log following the one year of aging. 

Besides, the metabolic activities and lactic acid production were inhibited. The study 

findings also demonstrated that the flexural strength and elastic modulus of the 

antibacterial formulations were not affected dramatically. In general, all the antibacterial 

composites did not demonstrate significant topography changes following fatigue cycling. 

The results of this study indicate the ability of the synthesized formulations to withstand 

the aging process, suggesting the use of a translation model to attempt them inside the oral 

cavity using in situ approach.  
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Section 3. Pronounced Effect of Antibacterial Bioactive Dental Composite on 

Microcosm Biofilms Derived from Patients with Root Carious Lesions 1 

  

 

Introduction 

Dysbiotic biofilm-triggered mineral loss causes tooth cavitation, and it is the 

primary reason for the loss of tooth structure 11,169. When it is located at the root of a tooth, 

noted as “root caries,” the onset of carious lesions could be accelerated due to multiple risk 

factors 11,169. Root caries is a preventable dental disease that affects a growing number of 

adults. The annual incidence of root caries ranged from 10.1 to 40.6%, with the highest 

burden observed among elderly patients 234.  

Root surfaces are at higher risk of biofilm-triggered mineral loss compared to 

enamel, as the cement and dentin, constituents of the root, hold lower mineral contents 

compared to the enamel. As a result, microorganisms involved in root caries are less 

dependent on carbohydrates, and less amount of pH drop is required to induce 

demineralization 11,169. Moreover, the location of the root surface close to the gingival 

margin and cementoenamel junction is considered a plaque-stagnation area, making it more 

difficult to be cleaned by brushing 235. As the present demographic shifts, the population 

of the United States over the age of 65 years is projected to increase from 13.5 to 20% in 

2030 236. Therefore, there is a demographic and oral health imperative to understand how 

to better care for senior dental patients who are at high risk of root caries 15,237.  

 

 

1 This section is a slightly modified version of “Balhaddad AA, Ibrahim MS, Garcia IM, Collares FM, Weir 

MD, Xu HH, Melo MAS. Pronounced Effect of Antibacterial Bioactive Dental Composite on Microcosm 

Biofilms Derived from Patients with Root Carious Lesions. Front Mater 2020;0” published in Frontiers in 

Materials and has been reproduced here with the permission of the copyright holder. 
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Currently, the standard of care on the management of root caries cavitation relies 

on restorative treatment by placing a circumferential “dental filling” to replace the missing 

root structure 238. Resin composite restorations can perform better in restoring root surfaces 

compared to glass ionomer and resin-modified glass ionomer restorations 239. However, the 

survival rate of resin composite restorations in replacing the root surface is poor, as the 

annual failure rates reach 15% 239.  

One of the main reasons for restoration failure is secondary caries, especially 

around resin composite surfaces, which are more susceptible to plaque accumulation 240. 

Biofilms have specialized physiology where cells aggregate together and become encased 

in a self-produced polysaccharide and protein matrix that protects the cells from several 

oral environmental conditions 241. Resin composite restorations have no bioactivity and 

undergo several degradative effects caused by bacterial acids as well as salivary esterase 

242. It is no longer sufficient for dental restorations to simply repair esthetics and function 

without providing protection against microorganisms and their associated biofilms. In this 

sense, dentists and dental material researchers worldwide have been perseveringly 

searching for restorative approaches that can contribute to the longevity of root caries 

restorative treatment 243.  

There is currently no approved dental composite that can effectively contribute to 

the protection of restorations against biofilm accumulation. However, several 

investigations were conducted to design a bioactive resin composite with antibacterial or 

ion-releasing properties 244. The use of quaternary ammonium methacrylate, such as 12- 

methacryloyloxydodecylpyridinium bromide (MDPB) or bis(2- methacryloyloxyethyl) 

dimethylammonium bromide (QADM) was associated with slightly reduced growth of 
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total microorganisms and caries-related pathogens 245. This class of monomers has a 

positive-charge surface that can interact with the negatively charged bacterial membrane 

causing cell wall disturbance and lysis 246.  

Importantly, these antibacterial monomers can copolymerize with other dental 

monomers to provide a long-lasting effect with no leaching adverse effects 247. Holding the 

contact killing property based on bacterial membrane interactions, the recently developed 

antibacterial monomer, DMAHDM, had its synthesis tailored with a 16-alkyl chain to 

allow robust antibacterial action against cariogenic biofilms 189; covalent bond with the 

commonly used Bis-GMA/TEGDMA dental resin system 248 and high surface charge 

density 208.  

In the course of investigating anti-caries approaches via dental materials, the 

understanding of caries as a dynamic process that shifts toward de- or remineralization has 

encouraged the incorporation of a potential resource for ion-depleted tooth surfaces around 

dental restorations 249. Nano-sized amorphous calcium phosphate (NACP) fillers may 

provide the release of calcium and phosphate ions under acidic pH as ion-enriched source 

incorporated in the dental material resulting in buffering capacity and remineralization 

effect 250.  

Clinically, patients with active root carious lesions are assessed at a severely high 

risk of caries 251. They very often present several risk-indicators, such as hyposalivation, 

gingival recession, high cariogenic diet intake, and low fluoride exposure 22. In view of the 

intended use for root restorations, the developed bioactive resin composite must present 

maximum anti-biofilm performance to confront high plaque build-up inside the mouth. 

Considering the bacterial diversity within the biofilms, it would be conceivably preferable 
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to use natural inoculum to facilitate the development of in vitro biofilms to more broadly 

resemble the in vivo community for testing new antibiofilm biomaterials 164. Plaque-

derived inoculum can represent the environmental diversity related to the root surface in a 

site-dependent and niche-dependent manner, making the inoculum more clinically relevant 

for in vitro models testing new antibacterial compounds 60,252. 

In this study, we examined for the first time the antibiofilm performance of a 

surface contact killing antibacterial dental resin composites on the growth of microcosm 

biofilms using dental plaque sampled from patients with active root carious lesions as an 

inoculum. It was hypothesized that: 1) The DMAHDM -NACP composites would 

substantially reduce biofilm activities, including colony-forming units (CFU), metabolic 

activity, and acid production, and 2) Adding DMAHDM and NACP into composite would 

not compromise the degree of conversion (DC). 

 

Materials and Methods 

Participants Selection and Plaque Collection: Ethical Considerations  

The participants were ongoing patients who visited university dental clinics for 

regular dental treatment. All participants consented to donate samples of dental plaque after 

getting comprehensive information about the study. The study protocol and written 

informed consent from all participants were approved by The University of Maryland 

Baltimore Institutional Review Board (HP-00083485). Participants Each participant had at 

least one exposed root with a primary active root carious lesion in order to collect the 

plaque. The average years of age of the participants were 56.8 ± 22.6 (N  10; 40% female; 

60% male). Ten adult volunteers presenting active root carious lesions at clinical oral 



95 

 

examination, as shown in Figure 3.13, were recruited for the plaque collection. The lesions 

are presented as discoloration and loss of surface continuity or cavitation below the cement-

enamel junction (Figure 3.13A). They were located on the root surface of a tooth, usually 

close to or below the gingival margin (Figure 3.13B). The activity of root caries was 

determined based on the texture (smooth, rough), appearance (shiny or glossy, matte or 

non-glossy), and location in a plaque-stagnation area (Figure 3.13C). The inclusion and 

exclusion criteria of the participants are described in Table 3.3.  

 

Table 3.3. The inclusion and exclusion criteria for the participant’s selection for this study. 

Inclusion Criteria Exclusion Criteria 

Adult patients over the age of 30 Patients under the age of 30 

Patients should have active root carious lesions Patient with no or inactive root carious lesions 

No history of antibiotics in the last six months 
Patients with a history of antibiotics in the last six 

months 

No active periodontal treatment in the last six 

months 

Patients with active periodontal treatment in the 

last six months 

No systematic disease that may affect the oral 

environment 

Patients with a systematic disease known to affect  

the oral environment 

Patients should not be pregnant/lactating, or 

tobacco user 
Tobacco users and pregnant/lactating patients 
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Figure 3.13. Clinical appearance of the carious root lesions showing a massive plaque 

build-up over exposed root surfaces. The lesions are presented as discoloration and loss of 

surface continuity or cavitation below the cementoenamel junction (A). Root carious 

lesions are mainly located on the root surface, usually close to or below the gingival margin 

(B). The activity of such lesion can be determined based on the texture (smooth, rough), 

appearance (shiny or matte), and location in a plaque-stagnation area (C). 

 

Plaque sampling from patients with active root carious lesions. The plaque 

sampling was undertaken at carious root sites. To assure proper sampling, the teeth 

presenting the lesions were isolated with cotton rolls and slightly air-dried. The dental 

plaque (supragingival biofilm) was removed using a sterile ultrafine micro-brush applicator 

(head size: 0.5 mm; MUT400; Microbrush international, Grafton, WI, United States) with 

a circular motion parallel to the gingival margin, as illustrated in Figure 3.14 by the 

sequential images (3.14A-C). The samples were placed inside a liquid dental transport 

medium composed of a buffered mineral salt-based liquid medium with reducing agents 
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(Anaerobe System, Morgan Hill, CA, United States) and transferred to the laboratory 

settings.  

 

Figure 3.14. (A) Clinical photographic images illustrating how the plaque was scraped and 

collected from the carious root lesions; (B) The dental plaque (supragingival biofilm) was 

removed using a sterile ultrafine micro-brush applicator; and (C) with a circular motion 

parallel to the gingival margin. 

 

The collected plaque samples were mixed, stored in a solution of brain heart 

infusion, and glycerol at the ratio of 7:3, and stored at −80 °C for further plaque-derived 

microcosm biofilm assays. The addition of glycerol stabilizes the frozen bacteria, 

preventing damage to the cell membranes and keeping the cells alive 252 .  

 

Experimental Design  

An in vitro study was conducted using a validated plaque-derived microcosm assay 

model 245. For the purpose of studying the antibacterial activity and DC of the designed 

formulations, a flowchart of the experimental process was intended, as shown in Figure 

3.15. The factors under study were the DMAHDM concentration at three levels (0, 3, and 

5%) and incorporation of NACP at two levels [absence and presence of 20% NACP], 

generating six groups as described in Table 3.4. For microbiological analyses derived from 

in vitro biofilms, four independent experiments were carried out, and the data were 
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statistically analyzed according to the design of this study, considering the biofilm grown 

over the composite disk as a statistical unit (n  = 4 × 3 replicates). The dependent variables 

were: 1) CFUs counting for total microorganisms, 2) total streptococci, 3) mutans 

streptococci, and 4) total lactobacilli, 5) metabolic activity, 6) and lactic acid production. 

For DC, the statistical unit was the cured composite samples (n = 5). 

 
 

Figure 3.15. Schematic drawing showing the design of the study. Antibacterial resin 

composite formulations were optimized containing the different mass fractions of 

DMAHDM with and without NACP. Microbiological analysis and the degree of 

conversion of the designed formulations were assessed. 
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Synthesizing the Dimethylaminohexadecyl Methacrylate Monomer and Nano-Sized 

Amorphous Calcium Phosphate Fillers  

A modified Menschutkin reaction was performed to synthesize DMAHDM 

following previous studies 178. Briefly, 10 mmol of 2-(dimethylamino)ethyl methacrylate 

(DMAEMA; Sigma-Aldrich, St. Louis, MO, United States), 10 mmol of 1-

bromohexadecane (BHD, TCI America, Portland, OR, United States), and 3 g of ethanol 

were placed in a 20 mL-scintillation vial and mixed very well and stirred at 70 °C for 24 

h. Then, the solvent was evaporated, and DMAHDM was obtained.  

The NACP fillers were synthesized by a spray-drying technique, as reported 

previously 86. The final molar ratio of Ca/P was 1.5, the same as that for ACP [Ca3(PO4)2]. 

The full characterization of the NACP particles, including transmission electron 

microscopy and X-ray diffraction patterns, was described by a previous study 86.  

 

Resin Composite Formulations  

At a mass ratio of 1:1, bisphenol glycidyl dimethacrylate (BisGMA; Esstech, 

Essington, PA, United States) and TEGDMA (Esstech, Essington, PA, United States) were 

mixed (referred to as “BT resin”). 0.2 wt.% camphorquinone and 0.8 wt.% ethyl 4-N, N- 

dimethylaminobenzoate were added as photoinitiators. In the base formulation, the resin 

matrix mass to the fillers was designed at the ratio of 35:65 with BT as a resin matrix, and 

barium boroaluminosilicate glass particles with a median size of 1.4 μm (Caulk/Dentsply; 

Milford, DE, United States) silanized with 4 wt.% three- 

methacryloxypropyltrimethoxysilane as fillers. For the experimental formulations, 

DMAHDM was introduced to achieve the final mass fractions of 3 wt.% and 5 wt.% in the 
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dental composite with and without 20 wt.% of NACP. All the investigated formulations 

are described in Table 3.4. 

 

Table 3.4. Description of the components used to design the resin composite formulations.  

 

Plaque-Derived Microcosm Biofilm Assays: Sample Preparation 

Circular molds with a diameter of 8 mm and a thickness of 1 mm were used to 

fabricate resin composite discs. The samples were cured (60 s; 1,000 mW/cm2; VALO 

Cordless, Ultradent Products, South Jordan, UT, United States) and kept in a dry incubator 

for 24 h at 37 °C followed by 1 h stirring in distilled water at 100 rpm to remove uncured 

monomers. Ethylene oxide (AnproleneAN 74i; Andersen, Haw River, NC, United States) 

gas was used to sterilize the samples, followed by seven days of de-gassing to assure the 

release of entrapped ethylene oxide 253. 

 

Preparation of the Plaque-Derived Microcosm Assay  

Group Manufacturer/Experimental formulation 

Commercial Control Heliomolar, Ivoclar Vivadent, Schaan, Liechtenstein 

Experimental Control 35% BT + 65% Glass 

3% DMAHDM 32% BT + 3% DMAHDM + 65% Glass 

3% DMAHDM + 20% NACP 
32% BT + 3% DMAHDM + 20% NACP + 45% 

Glass 

5%DMAHDM 30% BT + 5% DMAHDM + 65% Glass 

5%DMAHDM-20%NACP 
30% BT + 5% DMAHDM + 20% NACP + 45% 

Glass 
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A McBain artificial saliva growth medium was prepared as the following: mucin 

(Type II, porcine, gastric), 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast 

extract, 1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; 50 mM pipes, 15 g/L; hemin, 

0.001 g/L; vitamin K1, 0.0002 g/L, at pH 7. 0.2% sucrose was added to this medium 

(McBain et al., 2003). The plaque-brain heart infusion-glycerol solution containing the 

dispersed bacteria was added into the McBain artificial saliva growth medium to have 

approximately 1.5 × 106 cells/mL in each well of the 24-well plate 252 containing the resin 

composite samples. 

The plates containing the samples were incubated at 37 °C supplemented with 5% 

CO2. Fresh McBain medium supplemented with 0.2% of sucrose was added after 8 and 24 

h of the incubation. At a total of 48 h incubation, the samples were transferred to conduct 

the CFUs count, metabolic activity assay, lactic acid measurement, or confocal laser 

scanning microscopy.  

 

Biofilm Disruption Procedure  

To quantify bacterial viability in biofilms grown over the composite, each specimen 

(n = 12) containing 2-day-old microcosm biofilms was washed and transferred to a vial 

containing 1 mL of cysteine peptone water. The sessile cells were harvested from the 

composites by sonication (Branson 3510, Branson Ultrasonics Corp., Danbury, CT) (5 

min; 1×) followed by two rounds of 30 s vortexing (900 rpm, Vortex-Genie 2, Scientific 

Inc., Bohemia, NY). The volume of each disrupted biofilm was ten-fold serially diluted 

using buffered peptone water.  
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CFU counts of biofilms on resin composites  

The suspensions of the bacterial biofilms (10 µL) were plated in triplicate onto each 

agar plate using the drop-counting technique. The agar plates were incubated at 37 °C in 

5% CO2 for 48 h, except for rogosa plates, which were incubated for 96 h. The number of 

CFU per mL of disrupted biofilm over each disk was determined by counting the colonies 

grown in the media. The colonies on plates were enumerated using a colony counter 

(Quebec Darkfield 3328; American Optical Corp, New York, United States). The detection 

limit with the methods used was 100 CFU/mL of disrupted biofilm. Four solid culture 

media, including non-selective and selective agar growth media, were used for selective 

isolation of the cariogenic bacteria 254: 

(1) Tryptic soy blood agar (TSA) plates to estimate the biofilm growth of the total 

microorganisms.  

(2) Mitis salivarius agar plates containing 15% sucrose to estimate the biofilm 

growth of total streptococci. Potassium tellurite at 1% was added to the agar to 

inhibit most Gram-negative bacilli and most Gram-positive bacteria.  

(3) Mitis salivarius agar culture plates with the addition of 0.2 units of bacitracin 

per ml (MSB) were used to estimate the biofilm growth mutans streptococci.  

(4) Rogosa agar culture plates to determine the growth of lactobacilli. Sodium 

acetate and ammonium citrate at a low pH were added at a high level to allow only 

the total lactobacilli to grow.  

The number of CFU/specimen was calculated and converted to log10 for the 

statistical analysis.  
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MTT Assay for Quantification of Metabolic Activity of Biofilms  

A colorimetric assay was performed to evaluate the enzymatic reduction of MTT 

(3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide) as previously described 

245. Briefly, resin composite samples (n = 4 × 3 replicates) subjected to the 48 h-plaque-

derived biofilms were washed with phosphate-buffered saline (PBS) and immersed with 1 

mL of tetrazolium dye. The plate was incubated at 37 °C in 5% CO2 for 1 h. Then, the 

samples were soaked with 1 mL of dimethyl sulfoxide in the dark for 20 min. The 

absorbance of the dimethyl sulfoxide at 540 nm was measured using a microplate reader 

(SpectraMax M5; Molecular Devices, Sunnyvale, CA, United States). 

 

Lactic Acid Production by Biofilms  

The lactic acid production was determined via an enzymatic (lactate 

dehydrogenase) method following a previous study 208. Resin composite discs (n  4 × 3 

replicates) subjected to 48 h biofilms were washed with cysteine peptone water solution, 

immersed with 1.5 mL of buffered-peptone water plus 0.2% sucrose, and incubated for 3 

h to allow the biofilms to produce acid. 1 M of glycine and 0.8 M of hydrazine sulfate were 

mixed at a ratio of 1:1. 170 μl of this mix was placed inside the wells of a 96-well plate 

followed by 20 μl of 26 mM of ß-nicotinamide adenine dinucleotide and 10 μL of each 

sample. The microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, 

United States) was used to measure the absorbance of the buffered-peptone water solution 

of each well at 340 nm (optical density OD340) before and after the addition of 10 μL of 

L-lactic dehydrogenase bovine heart (1,000 units/mL; Sigma-Aldrich, St. Louis, MO, 
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United States). The standard curve was created using a lactic acid standard (Sigma-Aldrich, 

St. Louis, MO, United States).  

 

Confocal Laser Scanning Microscopy  

Confocal laser scanning microscopy was used to visualize the biofilm organization 

using BacLight live/dead kit (Molecular Probes, Eugene, OR, United States), and the 

images were three-dimensional reconstructed as previously described 36. Three random 

areas were selected and scanned using a ×20 air objective. To obtain the Z-series, vertical 

optical sectioning with a thickness of 1 μm was utilized. The images were processed using 

ZEN Black 2.3 SP1 (Bitplane, Zürich, Switzerland).  

 

Degree of Conversion  

Fourier-transform infrared spectroscopy with attenuated total reflectance device 

(FTIR-ATR) was used to investigate the DC of the resin composite formulations, as 

previously described 255,256 (Collares et al., 2013; Monteiro et al., 2020). Briefly, resin 

composites (n = 5) were placed inside a mold of polyvinylsiloxane mold over the ATR 

crystal (Nicolet 6700; Thermo Fisher Scientific, Waltham, MA, United States) to 

standardize the thickness of each sample (thickness  1 mm). A polyester strip was used to 

cover the resin composites. Then, a light-curing tip (VALO Cordless; Ultradent Products, 

South Jordan, UT, United States) was placed as close as possible to the sample to achieve 

photoactivation of 20 s with a radiant emittance of 1,000 mW/cm2.  

The spectra of each sample were captured before and after the light-curing 

procedure. OMNIC Series Software (Thermo Fisher Scientific), from 4,000 to 400 cm−1, 
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with 32 scans and 4 cm−1 resolutions, was used to evaluate the recorded data. The intensity 

of the aliphatic carbon-carbon double bond (1,638 cm−1) and the aromatic carbon-carbon 

double bond (1,608 cm−1) from the resin composite samples were studied before and after 

the curing to estimate the DC percentage using the equation: 

DC(%)

= 100

× (
peak height of cured aliphatic C = C peak height of cured aromatic C = C⁄

peak height of uncured aliphatic C = C peak height of uncured aromatic C = C⁄
) 

 

Statistical Analysis  

Data normality and distribution were evaluated via the Shapiro-Wilk test. Data 

were analyzed using one-way ANOVA and Tukey’s post hoc test. All tests were conducted 

using the statistical software package Sigma Plot 12.0 (SYSTAT, Chicago, IL, United 

States), and the statistical significance was set at p < 0.05. 

 

Results 

Colony-forming Unit Counts of the Plaque-Derived Microcosm Assay  

Figure 3.16 summarizes the CFU results for the plaque-derived microcosm assays. 

Overall, all the experimental resin composites resulted in a significant bacterial reduction. 

Figures 3.16A illustrates the dental plaque-derived microcosm biofilm model and the 

respective agar media used in the study. Figures 3.16B displays the percentage of the 

cariogenic bacterial groups (in Log10) in relation to the total microorganisms grown over 

the same surface containing DMAHDM and NACP. Compared to the experimental control, 
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incorporating DMAHDM and NACP in the resin composite formulation reduced the 

prevalence of cariogenic species involved in root caries.  

In Figures 3.16C, the growth of total microorganisms was significantly different 

among the tested groups (p < 0.001; power of analysis  100%). The massive amount of 

reduction was observed with the DMAHDM-NACP resin composites where the CFU 

counts were reduced by around five and 6.5- log in the 3% DMAHDM-20% NACP and 

5% DMAHDM-20% NACP resin composites, respectively, compared to the controls (p < 

0.001). For the total streptococci biofilms (Figure 4D), the combinatorial addition of 3 and 

5 wt.% of DMAHDM and 20% NACP reduced the growth by approximately 5 to 6-log (p 

< 0.001; power of analysis  100%).  

Figures 3.16E displays the counts for mutans streptococci in a selective agar 

medium. Adding 3 wt.% and 5 wt.% of DMAHDM to the resin composite formulations 

reduced the growth of mutans streptococci by around 1 and 2-log, respectively. The NACP-

DMAHDM resin composites significantly reduced the mutans streptococci biofilms by 5-

log compared to the control groups (p < 0.001; power of analysis = 100%). Resin composite 

with 3 wt.% of DMAHDM inhibited the CFU growth of the total lactobacilli by around 

2.5-log, and by increasing the concentration to 5 wt.%, 3.5-log reduction was observed (p 

< 0.05). The NACP-DMAHDM resin composites significantly inhibited the lactobacilli 

biofilm growth (p < 0.001; power of analysis  100%), resulting in 5-log reduction compared 

to the commercial and experimental controls (Figures 3.16F).  
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Figure 3.16. Colony-forming unit (CFU) counts for biofilms grown over the resin 

composite discs. (A) The plaque samples isolated from active root carious lesions were 

used to initiate plaque-derived microcosm biofilms in vitro. (B) Compared to total 

microorganisms, the percentage of the bacterial groups after biofilm inhibition was 

quantified over the same resin composite disk. the experimental control. (C) Total 

microorganisms, (D) total streptococci, (E) mutans streptococci, and (F) total lactobacilli. 

Values indicated by different letters are statistically different from each other (p < 0.05). 
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Metabolic Activities  

Resin composites containing 3 wt.% DMAHDM did not significantly reduce the 

metabolic activities of the biofilms compared to the commercial (0.43 ± 0.14) and 

experimental (0.31 ± 0.08) control samples (p > 0.05; power of analysis = 100). However, 

incorporating 5 wt.% DMAHDM into the base formulation resulted in significant 

inhibition (0.16 ± 0.06) (Figure 3.17A). Formulations containing 20 wt.% NACP with 3 

wt.% or 5 wt.% of DMAHDM significantly reduced the metabolic activities compared to 

the control groups (p < 0.001). 

In Figures 3.17B, commercial and experimental control discs are associated with 

the most substantial stains indicating a noticeable bond between the tetrazolium dye and a 

considerable amount of highly metabolic microorganisms. The addition of 3 wt.% and 5 

wt.% of DMAHDM resulted in reduced staining. The least amount of staining can be 

observed among the NACP-DMAHDM resin composites as the surfaces look shiny with a 

small extent of the stain.  
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Figure 3.17. (A) Metabolic activities absorbance values, higher absorbance values are 

associated with higher metabolic activities. Values indicated by different letters are 

statistically different from each other (p < 0.05). (B) Several resin composite discs showing 

high adherence of tetrazolium dye to the control groups indicate highly metabolic 

microorganisms. Resin composites with DMAHDM and NACP were associated with low 

adherence indicating a lower quantity of highly metabolic microorganisms. 
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Lactic Acid Production  

The concentration of lactic acid production in (mmol/L) was calculated among resin 

composite samples (Figure 3.18A). The incorporation of 3 wt.% and 5 wt.% of DMAHDM 

into the resin composite formulations did not significantly reduce the lactic acid production 

compared to the controls (p > 0.05). However, the addition of NACP to DMAHDM 

resulted in a significant reduction (p < 0.001; power of analysis  100%). In this assay, a 

commercially obtained lactic acid standard was used to validate the L-lactic dehydrogenase 

solution and create the standard curve using different lactic acid concentrations. As shown 

in Figures 3.18B, DMAHDM alone prevented lactic acid production by 36.5–58.5%. 

However, the combination of NACP and DMAHDM in the resin composite formulations 

reduced the production by more than 90% compared to the experimental control.  
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Figure 3.18. (A) Lactic acid production values, higher readings are associated with higher 

lactic acid production. Values indicated by different letters are statistically different from 

each other (p < 0.05). (B) The percentages of lactic acid reduction among the experimental 

groups compared to the experimental control. 
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Confocal Laser Scanning Microscopy  

Representative live/dead images using a confocal microscope are shown in Figures 

3.19A–C. A high visualization of viable microorganisms with thick biofilm was observed 

over the commercial control resin composite. The incorporation of 3 wt.% and 5 wt.% of 

DMAHDM resulted in less viable microorganisms. In the 3% DMAHDM-20% NACP 

samples, a reduced quantification of viable microorganisms and a considerable amount of 

dead colonies were observed (Figure 3.19D–F). Almost no viable microorganisms were 

observed over the 5% DMAHDM-20% NACP resin composites (Figure 3.19G–I).  

 

Figure 3.19. Representative live/dead staining images of biofilms using confocal 

microscopy; (A–C) commercial control, (D–F) 3%DMAHDM-20%NACP%, (G–I) 

5%DMAHDM-20%NACP%. Live bacteria were stained green, and compromised bacteria 

were stained red. 
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Degree of Conversion  

Figure 3.20 exhibits the results for the monomer conversion of the formulations. 

Figures 3.20A illustrates the chemical composition of the monomers and photoinitiators 

used in the tested formulations. Figures 3.20B illustrates the representative image of the 

FTIR spectra of monomer and polymer during the DC analysis. The DC was determined 

by the variation of peaks corresponding to aliphatic (1,638 cm−1) and aromatic (1,608 cm−1) 

CC bonds of the monomer and polymer. All the experimental formulations demonstrated 

a higher DC compared to the commercial control (p < 0.001; power of analysis  100%).  

In Figures 3.20C, the radial chart displays the percentage of monomer conversion 

for each formulation. The addition of 3% wt.% and 5% wt.% of DMAHDM led to values 

of 59.9 ± (1.3) % and 60.5 ± (1.2) %. Likewise, the addition of 20% wt.% of NACP to the 

formulation did not compromise the DC (p >0.05), as the values were 60.2 ± (1.0)% and 

62.3 ± (2.6)% in the 3% DMAHDM-20%NACP and 5%DMAHDM-20%NACP resin 

composites, respectively. 
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Figure 3.20. (A) The chemical structures of the monomers used in the study to formulate 

the base resin, the antibacterial monomer, and photoinitiators. (B) A schematic illustration 

showing the spectra of FTIR of uncured and cured resin, evidencing that the peak of C=C 

in the aliphatic chain (1,640 cm−1) decreases after the photoactivation. (C) Degree of 

conversion of the composite resins. Values indicated by different letters are statistically 

different from each other (p < 0.05). 
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Discussion 

There is currently a great need to develop effective antibacterial dental restorative 

material that can be used in the clinical setting. Since root caries is a significant and 

growing oral health concern. It is anticipated that root caries increases in prevalence and 

severity with the increased rate of aging globally. In this study, we tested the ability of a 

resin composite formulated with an antibacterial monomer and remineralizing fillers to 

modulate bacterial pathogens isolated from carious root lesions.  

Often, secondary caries around root caries restorations is a burden for patients and 

a source of frustration for dentists in routine dental practice 257. In geriatric patients, the 

survival rate of composites due to secondary caries is at a low level 239. Patients with 

prevailing risk factors such as hyposalivation, mental and physical disabilities, and areas 

of root surface exposure are at a high risk of developing the disease. Considering that the 

dentin located at the root is more susceptible to caries progression than enamel, managing 

these lesions at the root surfaces is even more complicated. As a result, the newly 

developed bioactive resin composites discussed, if successfully translated to the dental 

clinics, could assist the survival rate of root caries restorations.  

In the current work, we assessed for the first time the new dental material using 

biofilm models that most closely resemble in vivo microbial communities by applying 

inoculum harvested from root lesions with whole ecosystem diversity. Previous studies 

have investigated the potential antibiofilm performance using in vitro biofilm models 

inoculated only with saliva from healthy patients 208. Here, we carefully screened patients 

who presented active carious root lesions to improve microbial representativity of intraoral 
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challenges faced by the restorative material applied on root carious lesions. It is well 

established that under planktonic growth, individual bacterium behavior dramatically 

differs from its behavior within complex or multi-species oral biofilms 258. 

The assessment of the new bioactive materials may reveal different antibacterial 

performances, depending on the susceptibilities of the bacteria/biofilm target used for the 

evaluation 233. The survival mechanisms of clinically relevant microorganisms grown in 

biofilm inside the mouth are known to be highly resistant to antibacterial therapy delivered 

by dental products 259. Besides, bacterial species isolated from plaque are quantitatively 

different from saliva 163,260. Also, the location where the dental plaque has grown matters. 

A highly diverse microbial species can be isolated from plaque grown over the lesions 

compared to other oral niches found inside the mouth 260. More aciduric and cariogenic 

species can also be isolated from caries-active individuals than their caries-free 

counterparts 163,261,262. Highly cariogenic species are often associated with a thicker 

exopolysaccharide matrix and increased lactic acid production 263.  

In this study, we have demonstrated the ability of DMAHDMNACP resin 

composites to inhibit the growth and activities of plaque-derived microcosm biofilms. The 

clinically accepted standard of bacterial reduction by an antimicrobial agent is at least a 3-

log reduction in cell numbers 264. However, there is no evidence that a somewhat more or 

less stringent number might not be equally useful in predicting clinical use. Here, the 

DMAHDM-NACP resin composite reduced the CFUs of highly cariogenic plaque-derived 

biofilms by around 4-6-log (Figure 3.16), two to three times higher than what have has 

reported previously against non-cariogenic inoculum. The DMAHDM-NACP significantly 
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decreased the metabolic activities and lactic acid production compared to DMAHDM 

solely and control groups (Figures 3.17 & 3.18).  

Additionally, the confocal microscope revealed less and thinner biofilms growing 

over the DMAHDM-NACP resin composite (Figure 3.19). The great antibacterial action 

of our formulations could be attributed to the increased DMAHDM concentration and the 

use of NACP to convey a multifunctional approach to target dental pathogens. When the 

DMAHDM concentration was increased up to 5%, an additional reduction was achieved, 

indicating the ability of DMAHDM to kill pathogens in a dose-dependent manner.  

Increasing the DMAHDM concentration up to 5% reveals significant challenges as 

increasing the concentration may compromise structural stability and low mechanical 

properties. Our previous report demonstrated the capability of designing and optimizing a 

resin composite formulation containing 5% DMAHDM and 20% NACP with acceptable 

mechanical properties, high surface-charge density, and clinically acceptable surface 

roughness 208.  

The dimethylaminohexadecyl methacrylate is an antibacterial monomer with a 

contact-killing mechanism. The positively-charged quaternary ammonium embedded 

within its structure can interact with microorganisms composed of negatively charged-

membrane 36. Short-chain quaternary ammonium induces antibacterial killing solely 

through the quaternary ammonium by disrupting the bacterial membrane and 

compromising the balance of some essential ions such as K+, Na+, Ca2+, and Mg2+ 30. 

Therefore, the antibacterial properties of the synthesized antibacterial monomers are indeed 

influenced by their alkyl chain length, as suggested by published literature 183,189.  
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While several other additives were found to impart bioactivity to resin composite 

formulations, some additives had a disappointing long-term performance for promoting 

limited or lack of action after depleting ion release 265. Opposingly, the use of quaternary 

ammonium monomers affords a long-lasting effect without leaching or release 266. In 

developing bioactive dental materials, the combinatorial approach aims to incorporate 

agents to target multiple risk factors for disease development. Many researchers, including 

our group, have sequentially investigated the addition of calcium/fluoride-ions source 

fillers into an antibacterial resin blend to combine remineralizing and antibacterial actions 

in one formulation. Several reports support the ability of NACP fillers in resin-based 

materials to release calcium and phosphate ions under low pH acidic challenge 249,267. With 

a combinatorial approach of antibacterial and bioactivity responses, the resin composite 

intended to restore root caries lesions could afford different functionality against acidic 

biofilm attack. The DMAHDM-NACP resin composites could be a promising strategy to 

assist in preventing secondary caries around root restorations.  

Even though we are facing exciting results here, more studies are needed to 

understand better what signals trigger biofilm development over the dental materials in 

vivo and to learn how to extrapolate these signals to the in vitro environment 268. As 

limitations, many of the influencing factors for the robust growth of patient’s isolates 

derived biofilms are difficult to control in the laboratory setting 62,269. As we have done 

here, researchers often characterize dental plaque-derived microcosm biofilms and make 

the assumption that they are representative of the entire microbiome of the root caries. It 

should also be noted that quantitation of in vitro biofilms suffers from inherent flaws since 

methodological steps such as sonication that only removes a proportion of bound cells from 
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the composite disk or the sucrose concentration and frequency used in the models can lead 

to an inadequate translation of microbial profiling 270,271. 

Other expressive findings in this study were the achievement of a suitable 

percentage of conversion of C=C to C-C in the aliphatic chains during the polymerization 

reaction for the tested formulations. Studies found that resin composite materials usually 

accept a DC from 40 to 80% 272. Materials with a low DC are expected to have poor 

mechanical properties with subsequent high susceptibility to degradation and release of 

residual unreacted monomers, that may induce toxic reaction to the surrounding tissues and 

stimulate the biofilm growth 168,221,255,273. Therefore, it is essential when designing a new 

formulation to assess this chemical property once the monomer conversion can control 

several properties of the cured material, including mechanical strength, polymerization 

shrinkage, wear behavior and monomer release 273.  

In our work, the degrees of conversion for the designed bioactive formulations were 

comparable to commercially available resin composites. Neither the addition of NACP nor 

DMAHDM had negatively affected this property. The lack of high rates of uncured 

monomers may indicate that these formulations are biocompatible and can achieve the 

required amount of polymerization, enhancing the long-term performance of these 

restorations. Future studies may involve long-term evaluation of the mechanical and 

antibacterial properties of the DMAHDMNACP resin composites. Moreover, 

investigations on the DMAHDM-NACP composites using a translational model of dental 

caries can provide evidence of efficacy and the bases for clinical trials. 

In summary, we demonstrated, for the first time, a pronounced anti-biofilm 

performance of DMAHDM-NACP resin composites against plaque-derived microcosm 
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biofilms from carious root lesions. An antibacterial action was imparted in the newly 

designed bioactive formulations without adversely affecting the monomer conversion. This 

study presents a practicable strategy to assist in the preventive measures against the onset 

of secondary caries at the tooth-restoration interface, especially in a highly challenging 

clinical situation as restoring carious root lesions in high caries-risk patients. 
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 Section 4. Bifunctional Composites for Biofilms Modulation on Cervical 

Restorations 1 

 

Introduction 

A great variety and incidence of cervical lesions play a surprisingly substantial, yet 

unrecognized, health burden on the global population 274. The major population bearing 

with these clinical complications are elderly patients where aging-related caries risk factors 

impose a significant clinical problem, and the incidence of root caries is highest 275. The 

restorative management of cervical caries, root caries, and non‐carious cervical lesions 

(NCCLs) often is complex, technically demanding, and least durable 274. Clinically, 

cervical composite restorations contact marginal gingiva, are subjected to low shear forces, 

and often extend subgingivally, affecting periodontal health 276. 

For these reasons, the development of composites with anti-caries responsiveness 

that could increase cervical restorations’ lifespan has great significance 275. Understanding 

the complexity of caries as a dynamic process triggered by dysbiotic biofilms over 

composites has encouraged the design of new multifunctional materials, such as those with 

combinatorial responsive ion-releasing and antibacterial functionality 208. Quaternary 

ammonium compounds, such as dimethylaminohexadecyl methacrylate (DMAHDM), 

challenge microorganisms’ ability to survive and adhere to substrates as tooth surfaces 223. 

The inhibition of bacterial adherence on resin-based formulations has been successfully 

achieved even when they are combined with nano-sized amorphous calcium phosphate  

 

1 This section is a slightly modified version of “Balhaddad AA, Garcia IM, Mokeem L, Ibrahim MS, Collares 

FM, Weir MD, Xu HHK, Melo MAS. Bifunctional Composites for Biofilms Modulation on Cervical 

Restorations. J Dent Res 2021:220345211018189” published in Journal of Dental Research and has been 

reproduced here with the permission of the copyright holder. 
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fillers (NACP) 34,208. These fillers have been reported as an ion-enriched source and 

bioresponsive to acidic pH that can act as another anti-caries approach 277.  When 

investigated in vitro against a multi-species derived from healthy subjects’ saliva, 

DMAHDM and NACP effectively modulated cariogenic biofilms and provided high 

calcium and phosphate ions release 208,278. However, pre-clinical dental materials’ 

assessment relies on suitable in vitro biofilm models to screen formulations with the 

potential to face complex oral biofilms in the clinical setting 279. There are currently no 

studies available that investigate the combined performance of these agents against cervical 

microbiota challenge. 

Therefore, the aim of this study was to investigate bioresponsive bifunctional 

composites containing DMAHDM and NACP as restorative materials exposed to in vitro 

microcosm biofilms derived from the subgingival cervical periodontitis-associated sites.  

 

Materials and Methods 

Participants selection & plaque sampling 

Following the Institutional Review Board approval (HP-00083485), ten adults (6 

female and 4 males) with mild to moderate periodontitis were selected to participate in this 

study. Each participant provided written informed consent. Selection criteria required at 

least two pockets with probing depth greater than 4 mm, no previous periodontal treatment, 

neither taking antimicrobial drugs during the last six months and good constitutional health.  

Subgingival plaque samples were collected from the intracrevicular area using a 

sterile ultrafine micro-brush applicator (head size: 0.5 mm; MUT400; Microbrush 

international, Grafton, WI, USA). The tip of the microbrush was cut and placed into an 
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Eppendorf tube containing 1 mL of reduced transport fluid (RTF), placed on ice, and 

immediately transported to the laboratory (Anaerobe System, Morgan Hill, CA, USA) 280. 

Plaque samples were pooled to be used as inoculum. Sterile glycerol (0.5 mL, 70 %) was 

added to protect the bacterial cells from cryodamage, and samples were vortexed (10s). 

The composition of the dominant bacterial population from the fresh pool of subgingival 

plaque samples was analyzed via the 16S rRNA gene sequencing. The plaque samples were 

stored at -80 °C before beginning the plaque-derived microcosm biofilm assays.  

Bioresponsive bifunctional composites 

Antibacterial agent DMAHDM (dimethylaminohexadecyl methacrylate) and 

NACP (nano-sized amorphous calcium phosphate fillers) were prepared, respectively, via 

a modified Menschutkin reaction approach 177 and a spray-drying technique 281.   

Bisphenol glycidyl dimethacrylate (BisGMA, Esstech, Essington, PA, USA) and 

triethylene glycol dimethacrylates (TEGDMA, Esstech) at a mass ratio of 1:1 

complemented were photoactivated camphorquinone (0.2 wt.%) and ethyl 4-

dimethylaminobenzoate (0.8 wt.%) and formed the base resin.  Barium boroaluminosilicate 

glass particles (median size: 1.4 μm; Dentsply Sirona, Milford, DE, USA) were silanized 

with 4 wt.% 3- methacryloxypropyltrimethoxysilane and added as inorganic fillers at 65 

wt.%. DMAHDM at 3 and 5 wt.% and NACP at 20wt% were incorporated into the resin 

matrix and filler content, respectively, to impart bioactivity.  

Transmission electron microscopy (TEM) 

The morphology, nanostructure, particle size, and size distribution of amorphous 

calcium phosphate nanoparticles were studied by high-resolution transmission electron 

microscopy (TEM, FEI Tecnai T20, Hillsboro, OR, USA) with the Software Imaging 
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System CCD camera (Gatan UltraScan 1000, Milwaukee, WI, USA). The images were 

acquired using 200 kV and a magnification of 26,000× 205. The sample was measured in 

powder form. ImageJ software was used to measure the nanoparticle size, and the Sigma 

Stat software was utilized for drowning the size distribution histogram. 

Micro-Raman 

For the micro-Raman Spectroscopy (Senterra, Bruker Optics, Ettlingen, Germany), 

specimens (n=1, 1-mm thickness, 4-mm diameter) from the experimental control, 5% 

DMAHDM, and 5% DMAHDM-20% NACP composites were prepared with 20 s of 

photoactivation on each side. An area of 1,000 µm × 1,000 µm on the surface of the 

specimens was evaluated (Opus 7.5 software, Opus 7.5, Bruker Optics, Ettlingen, 

Germany) using 10 points, 100 µm apart each other. The spectra were acquired with 785 

nm-laser, 5 s and 2 co-additions. The peak at 960 cm-1 (related to PO4
-3 vibration) was used 

for integration to identify NACP on the polymer’s surface 282. 

Contact angle and surface free energy (mN/m) 

Five composite discs were created using a circular mold (8 mm diameter and 0.5 

thickness) and cured (20 s; 1,000 mW/cm2; VALO Cordless, Ultradent Products, South 

Jordan, Utah, USA). The composite discs were analyzed using an optical tensiometer Theta 

(Biolin Scientific, Stockholm, Sweden), to measure the static contact angle (CA) using the 

sessile drop method with distilled water (polar liquid) or α-bromonaphtalene (non-polar 

liquid). 

The testing parameters for drop-out size, registration time, drop rate, displacement 

rate, and speed dispersion of water or α-bromonaphthalene were 3.0 μL, 10s, 2.0 μL/s, 20.0 

μL/s, and 50 mm/min, respectively. The surface free energy calculation (mN/m) was 

performed following the OWRK/Fowkes  283 equation with OneAttension software. 
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Preparation of the plaque-derived microcosm assay 

Composite discs were fabricated as described above. The discs (n=12) were stored 

in distilled water for 24 h at 37 ºC followed by 1 h stirring in distilled water at 100 rpm to 

eliminate uncured monomers. Discs were sterilized using Ethylene oxide gas 

(AnproleneAN 74i, Andersen, Haw River, NC, USA) to ensure material properties 

followed by aeration for seven days 284. 

The plaque-derived biofilms were formed over the composite discs using an in vitro 

microcosm biofilm model as previously described 285,286.  Briefly, each disc was put into 

one well of a polystyrene 24-well flat-bottomed microtiter plate containing 1.5 mL of the 

growth medium. The composite discs were subjected to a McBain artificial saliva growth 

medium 182, which was prepared at pH 7 containing: mucin (Type II, porcine, gastric), 2.5 

g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast extract, 1.0 g/L; NaCl, 0.35 

g/L; KCl, 0.2 g/L; CaCl2, 0.2 g/L; 50 mM pipes, 15 g/L; hemin, 0.001 g/L; vitamin K1, 

0.0002 g/L. 0.2% of sucrose was added to the media. 

 The plaque-glycerol stock was mixed with the McBain artificial saliva growth 

medium (1:50 final dilution) with approximately 1.5×106 cells/mL bacterial cells and 

incubated at 37 °C for 72 h anaerobically. The growth medium was refreshed after 48 h, 

and 72 h-biofilm was continued. The 3-day-old biofilms were assessed for colony-forming 

unit (CFU) counting, metabolic activity, polysaccharide production assays, and live/dead.  

Colony-forming unit (CFU) counting 

The biofilm grown over the composites (n=12) was sonicated and diluted as 

described in the supplemental information file (S1). Using the drop-counting technique, 

the suspension of each dilution (10 µL) was plated in four agar plates: (1) non-selective 
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medium for total microorganisms and three selective media for (2) Fusobacterium 

nucleatum, (3) Porphyromonas gingivalis, Prevotella intermedia/nigrescens, and (4) 

Aggregatibacter actinomycetemcomitans. The following agar plates and techniques 287–289 

were used to identify each specific species:  

1- Total microorganisms (BHI agar, 49 g/L; vitamin K1, 5 μL/L; hemin, 0.005 mg/L; 

defibrinated whole sheep blood, 50 mL/L). 

2- Porphyromonas gingivalis, Prevotella intermedia/nigrescens: (BHI agar, 52 g/L; 

vitamin K1, 15 μL/L; hemin, 0.05 mg/L; L-cysteine, 0.5 g/L; defibrinated whole sheep 

blood, 50 mL/L). The black colonies were identified as P. gingivalis and P. 

intermedia/nigrescens colonies. The colonies were immersed in methanol and examined 

under ultra-violet light for fluorescence (negative for P. gingivalis and positive for P. 

intermedia/nigrescens) after the addition of 100% methanol.  

3- Aggregatibacter actinomycetemcomitans: (tryptic soy agar, 40 g/L; yeast extract, 6 g/L; 

bacitracin, 75 mg/L; vancomycin, 5 mg/L; horse serum, 100 mL/L). A. 

actinomycetemcomitans colonies were identified as star-like inner structure colonies and 

by the ability to degrade 3% of hydrogen peroxide via catalyze reaction. 

4- Fusobacterium nucleatum: (Trypticase, 10 g/L; yeast extract, 5 g/L; NaCl, 5 g/L; 

glucose, 2 g/L; agar, 15 g/L; defibrinated whole sheep blood, 50 mL/L; L-tryptophan, 0.2 

g/L; erythromycin, 4 mg/L; crystal violet, 5 mg/L).  

The agar plates were incubated at 37 °C anaerobically. After, the CFU numbers 

were counted and transformed to log10 CFU/mL. The bacterial profiling from a pool of 

viable colony-forming units grown on supplemented BHI agar plates for enumeration of 
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total microorganisms after contact with the experimental control and 5%DMAHDM-

20%NACP composites were also identified by sequencing of the 16S rRNA gene. 

Genomic profiling of the pooled plaque inoculum and pooled CFU 

DNA extraction and purification (QIAGEN, Hilden, Renania, Germany), 16S 

rRNA sequencing via an Illumina HiSeq 2500 (San Diego, CA, USA), and data processing 

for samples redived from: (1) the pooled plaque inoculum; viable colony-forming units 

grown on supplemented BHI agar plates for enumeration of total microorganism’s resultant 

from biofilms grown over (2) control composites, and (3) 5%DMAHDM-20%NACP, 

respectively, as previously described 290. The percentage of OTU-representative (most 

abundant) by genus-level profile demonstrates the bacterial sample richness. 

Metabolic activity quantification and polysaccharide production by biofilms 

The composite discs were washed with phosphate-buffered saline (PBS), immersed 

with 1 mL of tetrazolium dye, and incubated anaerobically for 1 h. The enzymatic reduction 

of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was quantified as 

previously described 291. The polysaccharide production was quantified using a phenol-

sulfuric acid method as previously described 292.  

Live/dead assay 

Composite samples subjected to 72 h-biofilm growth were washed with PBS. Then, 

they were stained with BacLight live/dead kit (Molecular Probes, Eugene, OR, USA) for 

15 min and examined using an inverted epifluorescence microscope (Eclipse TE2000-S, 

Nikon, Melville, NY, USA).  

Statistical analysis 
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All data are presented as the means ± standard deviations (n=12) derived from a 

minimum of three biological replicates. Data normality and distribution were checked 

using the Shapiro-Wilk test. One-way ANOVA and Tukey’s post hoc test were used to 

analyze the data (Sigma Plot 12.0, SYSTAT, Chicago, IL, USA). The statistical 

significance was set at 5%. 

 

Results 

Micro-Raman analysis    

Figure 3.21A shows the TEM image for the NACP. The qualitative analysis via 

micro-Raman spectroscopy of the experimental control, 5%DMAHDM, and 

5%DMAHDM-20%NACP is illustrated in Figures 3.21B and 3.21C. Experimental control 

and 5%DMAHDM present no NACP in their composition, while 5%DMAHDM-

20%NACP evidence a high quantity of NACP.  



129 

 

 

Figure 3.21. (A) Representative transmission electron microscopy (TEM) image of the 

NACP particles and histogram of particle size. The mean size of the particles ranged 

between 37 and 160.8 nm. (B) Raman maps of the exprimental control, 5%DMAHDM, 

and 5%DMAHDM-20%NACP. The integration of 960 cm-1 peaks gives the intensity of 

colors in the graphs of plot contour outlines. The darker red areas, the more NACP present 

on the resin composite surface. After mapping the resin composites’ surfaces, the 

integration of 960 cm-1 peaks (PO4
3-) was used to generate the graphs. The images in (B) 

consist of a 2-D array of measured spectra. From blue to red, more PO4
3- is recognized on 

the surface, suggesting that experimental control and 5%DMAHDM had no PO4
3- in their 

composition. More yellow and red areas are observed for 5%DMAHDM-20%NACP due 

to the NACP distribution along the surface. (C) Representative Raman spectra from 

experimental control, 5%DMAHDM, and 5%DMAHDM-20%NACP. Each spectrum was 

generated from one of the 100 points analyzed by area. Note the presence of an intense 

peak in 960 cm-1 for 5%DMAHDM-20%NACP. Experimental control and 5%DMAHDM 

present no NACP in their composition, while 5%DMAHDM-20%NACP evidences a high 

quantity of NACP distributed over the analyzed area (1000 μm × 1000 μm). The presence 

of NACP on the surface of the resin composite is essential for the expected bioactivity. 
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Surface energy and contact angles  

Table 3.5 displays the results of the contact angle and SFE of the resin composites. 

Overall, there were no differences in contact angle with water among groups (p > 0.05). 

Both groups containing NACP and the group with a higher percentage of DMAHDM 

presented a higher contact angle with α-bromonaphtalene compared to Heliomolar (p < 

0.05), without differences for the experimental control (p > 0.05). The SFE of all 

experimental groups was lower than the SFE of the commercial resin composite (p < 0.05). 

 

Table 3.5. Mean and standard deviation values of contact angle with water, the contact 

angle with α-bromonaphtalene, and surface free energy (SFE) of the resin composites. 

 

Different capital letters indicate statistically significant differences in the same column 

(p<0.05). 

 

16S rRNA Sequencing & Colony-forming unit counts  

Figure 3.22 reports the colony counting assay for total microorganisms, selective 

media, and the relative abundances of 16S rRNA at the genus level in the pooled plaque 

inoculum and pooled CFU picked from the supplemented BHI agar plates derived from 

Groups 
Contact Angle SFE 

(mN/M) Water α-bromonaphtalene 

Commercial control 65.66 (±9.46) B 26.40 (±7.60) B 49.57 (±4.60) A 

Experimental control 77.41 (±3.95) AB 36.61 (±3.87) AB 47.14 (±2.05) A 

3% DMAHDM 76.35 (±3.00) AB 19.35 (±2.72) B 46.21 (±1.45) AB 

5% DMAHDM 76.74 (±2.95) AB 35.76 (±6.90) A 41.95 (±1.66) BC 

 

3% DMAHDM + 20% 

NACP 

86.34 (± 5.82) A 41.21 (±8.53) A 36.66 (±4.32) C 

 

5% DMAHDM + 20% 

NACP 

77.29 (±8.78) AB 40.70 (±6.93) A 40.26 (±5.17) C 
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biofilms grown over control and 5%DMAHDM-20%NACP. All the antibacterial 

formulations resulted in a significant biofilm inhibition concerning the total 

microorganisms (p < 0.001), except the 3%DMAHDM formulation. All the antibacterial 

formulations significantly (p < 0.001) inhibited the biofilm growth of P. gingivalis, P. 

intermedia/nigrescens, and F. nucleatum compared to the controls. Only the 

5%DMAHDM-20%NACP formulation demonstrated 3.5-log inhibition against A. 

actinomycetemcomitans (p < 0.001).  

The diversity at the genus level in the pooled plaque inoculum was high, presenting 

39 different genera. The dominant genus found in the plaque inoculum were Leptotrichia, 

Veillonella, Fusobacterium, and Selenomonas. For the CFU isolates from control 

composites, the composition was typically dominated by the genera Veillonella, 

Fusobacterium, Streptococcus, Eikenella, and Leptotrichia, while Fusobacterium and 

Veillonella strongly dominated the 5%DMAHDM-20%NACP composites. 

 



132 

 

 

Figure 3.22. (A) The plaque samples isolated from the subgingival area were used to 

initiate plaque-derived microcosm biofilms in vitro. (B) A color-coded stack barplot graph 

shows average bacterial relative abundance on genus level in both groups of pooled plaque 

inoculum. Pooled plaque inoculum refers to the bacterial composition of the inoculum used 

to initiate the plaque-derived biofilms. The pooled CFU control refers to the colony-

forming unit (CFU) isolates derived from the control composites. The pooled CFU 

5%DMAHDM-20%NACP refers to the colony-forming unit (CFU) isolates derived from 

the biofilm grown over 5%DMAHDM-20%NACP composites. (C) Schematic illustration 

for the non-selective and selective agar plates used in the CFU assay to count (D) Total 

microorganisms, (E) Fusobacterium nucleatum, (F) Aggregatibacter 

actinomycetemcomitans, (G) Porphyromonas gingivalis, and (H) Prevotella 

intermedia/nigrescens. Values indicated by different letters are statistically different from 

each other (p < 0.05).  

 

Metabolic activities, polysaccharide production & live/dead assay 
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The antibacterial formulations, except for the 3%DMAHDM-20%NACP group, 

significantly reduced the plaque-derived biofilms’ metabolic activities (p < 0.001). Despite 

the statistical analysis, all the antibacterial formulations reduced metabolic activities by 

more than 80% (Figure 3.23A). For the polysaccharide production (Figure 3.23B), all the 

antibacterial formulations were significantly associated with low values compared to the 

controls (p < 0.01). The live/dead representatives’ images are shown in Figure 3.23C. 

 

Figure 3.23. (A) Metabolic activity absorbance values, higher absorbance values are 

associated with higher metabolic activities. Values indicated by different letters are 

statistically different from each other (p < 0.05). (B) All resin composites with DMAHDM 

and NACP were associated with low adherence indicating a lower quantity of highly 

metabolic microorganisms for polysaccharide production. (C) Representative live/dead 

staining images of biofilms using confocal microscopy Live bacteria were stained green, 

and compromised bacteria were stained red.  
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Discussion 

The increased rate of secondary caries has led to a growing exploration of bioactive 

composites to stimulate tissue responses, modulate interactions with microbiological 

species, or both 233. Previous studies have explored combinatorial antibacterial and 

remineralizing agents on composite formulations for the benefit of oral health. Currently, 

there are no comprehensive or standardized in vitro protocols for screening prospective 

dental materials 279. Bioactive candidates have been screened based on their ability to 

inhibit planktonic growth of key pathogenic species, such as Streptococcus mutans and 

Enterococcus faecalis, or inhibit simplified monospecies biofilms 233. 

 Complex multi-species oral biofilms behavior dramatically differs from individual 

bacterium behavior, leading to overestimation of the magnitude of the actual outcome 

effect 293. In this study, experimental bioactive composites were investigated using a 

complex microcosm biofilm model, which has shown behavior similar to in vivo biofilms 

294. The results collectively suggested that a composite containing DMAHDM and NACP 

can be developed as a pertinent restorative material for cervical lesions. 

Biofilm formation involves many factors associated with bacterial adhesion and 

material surface interaction. Hydrophobic surfaces (>90° contact angle) and low SFE are 

assumed to produce lower bacterial adhesion 295. Opposingly, other reports demonstrated 

no correlation between SFE and bacterial adhesion 296,297. The DMAHDM antibacterial 

monomer is a hydrophobic monomer due to its long aliphatic chain. Its incorporation into 

dental resins could have increased the hydrophobicity of the final composites. For SFE, a 

higher concentration of DMAHDM or DMAHDM with NACP decreased the composites’ 

SFE. There was no reduction of biofilm formation on composite surfaces due to the 
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material’s surface properties. Consequently, the antibacterial activity observed for 

DMAHDM groups was most likely related to the high surface-charge density 298. 

Subgingival microflora can provide site-specific variations representing intra- and 

interindividual differences in the relative abundance of predominant bacterial species299. A 

previous report has focused on tunning the tested formulations to reach acceptable 

mechanical properties, surface roughness, and high surface-charge density 208. The 

antibiofilm performance was screened using in vitro biofilms inoculated with saliva from 

healthy patients, not considering the target microbiota for these formulations’ intended 

applicability.  

The natural plaque inoculum was selected to improve biofilms’ microbial 

representativity, which challenges the restorative material in the tooth’s cervical area in 

vivo 300. The bioresponsive bifunctional composite demonstrated inhibition of subgingival-

derived biofilms and periodontal pathogens by 3 to 5-log of magnitude (Figure 3.22) 

compared to commercial composite. Given the standard practice of an antimicrobial agent 

to reach at least a 3-log reduction in cell numbers to be clinically efficient 264, the pre-

clinical anti-biofilm performance of the tested formulation is promising and encourage 

further clinical investigations.   

The antibacterial property of DMAHDM, although not fully elicited, is based on 

the attractive interactions between its cationic ammonium groups and the negatively 

charged bacterial membrane 301. The antimicrobial effect of DMAHDM has been attributed 

to an array of factors. DMAHDM presents quaternary ammonium, four alkyl groups 

connected to this nitrogen, and bromide as an anionic ion. Among four alkyl groups, one 

is an extended alkyl chain group containing sixteen hydrocarbons and serves as the 
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hydrophobic group. The alkyl length has been correlated with the antimicrobial outcomes 

183. However, methyl group-containing twelve to sixteen hydrocarbons usually show a 

remarkable broad-spectrum antibacterial effect. 

Moreover, the surface charge density of DMAHDM was also considered to 

positively correlate with its antibacterial efficiency 298. For the formulated 5%DMAHDM 

composites, a charge density approximately tenfold the value of control was also found to 

significantly influence the antibacterial effectiveness, indicating the capacity to retain 

antimicrobial ability over time 302.   

The NACP fillers do not present an inherent antibacterial effect. However, the 

robust release of calcium and phosphate ions can raise the microenvironment’s pH to 

neutralize biofilms’ acidity. The acid-neutralization capabilities of NACP may indirectly 

influence the viability of aciduric and acidogenic bacteria, such as Streptococcus mutans 

83. 

In our study, the DMAHDM and NACP were incorporated simultaneously by 

design to target bacterial reduction and boost remineralization capabilities, respectively. 

The combinatorial antibacterial effect was enhanced, mostly credited to the NACP’s acid-

neutralization property. However, the synergism is not entirely determined here as it 

involves a rigorous demonstration that the combined effect is greater than what is expected 

from the individual compounds. In contrast to synergism, DMAHDM-NACP composite 

may show simple additivity as the effect magnitude is necessary for determining changes 

from simple additivity. 

 Early colonizers’ failure to attach to the tooth surface or their inability to recruit 

other key players during biofilm formation would affect cariogenic or periodontal 
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pathogens. For instance, Porphyromonas gingivalis and Fusobacterium nucleatum are 

promising targets given their capability to bind to early colonizers and co-aggregation, 

respectively, in the oral biofilm formation 303. Previous antibiofilm studies of composite 

formulations containing 3% of DMAHDM and 20% of NACP have shown a substantial 

and significant bacterial reduction of isolated single-species periodontal pathogens: F. 

nucleatum < P. intermedia < A. actinomycetemcomitans < P. gingivalis 157. This outcome 

differed from our results, in which a higher concentration of DMAHDM was necessary to 

impart substantial bacterial reduction on the CFU counts of these species grown within the 

subgingival plaque-derived biofilms. Furthermore, the CFU reduction for total biofilm was 

accompanied by a robust decrease in metabolic activity and polysaccharide production. 

The quantitative estimates of bacterial taxa at the genus level in the pooled viable 

colonies derived from control and 5%DMAHDM-20%NACP supported culture-based 

methods’ parallel outcomes. The relative abundance of Streptococcus was reduced from 

biofilms grown over DMAHDM-NACP. This difference in the bacterial profiling 

promoted by DMAHDM-NACP is consistent with previously reported findings 36.  

The design of bifunctional composites for biofilms modulation intended to be used 

for cervical restorations requires considering the multitude of risk factors involved. Here, 

we have focused on the microbiological characterization and effect against biofilm 

formation. Nevertheless, cervical restorations are also subjected to biomechanical aspects, 

such as intensified acidic diet (erosion), deflective occlusal contact (abfraction), force 

during toothbrushing (abrasion), and sclerotic dentin substrate that is not favorable for 

bonding. As a result, loss of retention and marginal discoloration is still the core limitations 

of cervical restorations 304. Further investigations of the performance of the bifunctional 
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bioactive formulations under these aspects are on demand. We previously showed that the 

DMAHDM-NACP formulations investigated in this study were associated with flexural 

strength and elastic modulus values comparable to the commercial control 208. Our 

unpublished observations on cyclic fatigue loading have also shown that these formulations 

had resistance behavior similar to the commercial control. Forthcoming studies may 

consider investigating the bonding performance and color stability of these formulations 

under artificial aging.   

Our new approach provided insight into the pre-clinical performance of new 

bioactive composites but has some limitations—first, the difference in the diversity 

between in vivo and in vitro biofilms. Although we use patient-derived plaque samples, 

environmental and nutrients modifications can change the microbiota richness when 

translating for in vitro studies 269.  Second, we have used pooled subgingival samples as 

inoculum, not an average of site-specific samples presenting variations in bacterial 

profiling 305. Third, as a static model, the 24-well plates microcosm model offers higher 

nutrient concentrations, leading to more biofilm biomass accumulation than the dynamic 

in vivo environment where biofilms are subjects to shear forces fluctuation of nutrients. 

Another aspect for consideration is the specificity and recovery efficiency among the 

selective culture media described for the isolation and enumeration of critical pathogens. 

In solid culture media, access to nutrients for bacteria may be limited 306. However, culture 

media remain a fundamental tool for assessing new antibacterial dental materials against 

key pathogenic pathogens providing the advantages of reduced cost of testing and faster 

results.  
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In conclusion, the bioresponsive bifunctional composites were efficient to control 

dysbiotic biofilms derived from the subgingival plaque of patients with periodontitis. The 

composites showed the potential to possibly interfere in the subgingival polymicrobial 

consortia in vivo and help prevent the recurrence of lesions and maintain the lifespan of 

cervical restorations. 
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CHAPTER FOUR: 

Prospects on Nano-Based Platforms for Antimicrobial Photodynamic Therapy 

against Oral Biofilms 1 

 

Abstract 

This review clusters the growing field of nano-based platforms for antimicrobial 

photodynamic therapy (aPDT) targeting pathogenic oral biofilms and increase interactions 

between dental researchers and investigators in many related fields.  Clinically relevant 

disinfection of dental tissues is difficult to achieve with aPDT alone. It has been found that 

limited penetrability into soft and hard dental tissues, diffusion of the photosensitizers, and 

the small light absorption coefficient are contributing factors. As a result, the effectiveness 

of aPDT is reduced in vivo applications. To overcome limitations, nanotechnology has 

been implied to enhance the penetration and delivery of photosensitizers to target 

microorganisms and increase the bactericidal effect.  The current literature was screened 

for the various platforms composed of photosensitizers functionalized with nanoparticles 

and their enhanced performance against oral pathogenic biofilms. The evidence-based 

findings from the up-to-date literature were promising to control the onset and the 

progression of dental biofilm-triggered diseases such as dental caries, endodontic 

infections, and periodontal diseases. The antimicrobial effects of aPDT with nano-based 

platforms on oral bacterial disinfection will help to advance the design of combination  

 

 

1 This chapter is a slightly modified version of “Balhaddad AA, Garcia IM, Ibrahim MS, Rolim JPML, 

Gomes EAB, Martinho FC, Collares FM, Xu HHK, Melo MAS. Prospects on nano-based platforms for 

antimicrobial photodynamic therapy against oral biofilms. Photobiomodul Photomed Laser Surg 

2020;38:481–96” published in Photobiomodulation, Photomedicine, and Laser Surgery and has been 

reproduced here with the permission of the copyright holder. 
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strategies that increase the rate of complete and durable clinical response in oral 

infections. There is enthusiasm about the potential of nano-based platforms to treat 

currently out of the reach pathogenic oral biofilms. Much of the potential exists because 

these nano-based platforms use unique mechanisms of action that allow us to overcome 

the challenging of intra-oral and hard-tissue disinfection. 
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4.1. Introduction 

Dental caries, periodontal diseases, and endodontic infections are among the most 

prevalent chronic oral diseases, which are caused by biofilm accumulation over, within the 

tooth structure, and around the gingival tissues. Untreated caries affects more than 2.5 

billion people, and severe periodontal disorders compromise more than 500 million 

patients worldwide 307. The advancement of antimicrobial and antibiofilm strategies in 

dentistry is critical to control the onset and the progression of biofilm-triggered dental 

diseases 308. The most adopted treatment managements for these infections relays on 

mechanical approaches combined with antibiotics in an attempt to improve surface 

disinfection and decrease the chances of infection recurrence 309. 

Conversely, antibiotics are associated with a high possibility of bacterial resistance 

and reduced efficacy to eradicate pathogenic microorganisms. The World Health 

Organization (WHO) stated that infectious diseases due to bacterial resistance affect 

around two million individuals and result in the death of 20,000 patients annually in the 

United States and European Union 310. The burden of increasing bacterial resistance led to 

eliminating the frequent use of antibiotics combined with mechanical approaches 310. 

Antimicrobial photodynamic therapy (aPDT) has been suggested as a 

complementary technique to treat biofilm-mediated infections without causing bacterial 

resistance 311. aPDT is a non-invasive and controlled therapeutic method that has attracted 

significant research interest in medicine for its conservative approach 311,312. In clinical 

dentistry, aPDT has been investigated due to its antibacterial and fungicidal properties for 

the disinfection of oral soft and hard tissues 43,313,314. aPDT has been used to achieve 

disinfection of the most prevailing biofilm-trigged infected dental sites such as root canal, 
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periodontal pockets, deep cavitated teeth, infected implants’ surfaces and the eradication 

of candidiasis in prosthodontics (Figure 4.1). 

 

Figure 4.1. (A) The schematic drawing shows the most often dental sites for infection and 

their anatomical location: tooth with deep cavity developed by caries; periodontal pocket, 

which is characterized by a non-normal gingival sulcus that has a higher depth in 

comparison with a healthy condition; infected root canal, in which the infection continued 

to spread to sites around the base of the roots (periapical region); (B) the photograph shows 

a gingival with a high quantity of accumulated biofilm. This biofilm can be responsible for 

periodontitis, a disease in which the gingival sulcus can be more profound, and the biofilm 

is developed along the gingival sulcus, jeopardizing soft tissues and may lead to the loss 

of the bone that supports the tooth. An essential part of the periodontitis treatment consists 

of the mechanical and chemical disinfection of the gingival sulcus, which may be difficult 

to access by conventional treatment; (C) the photograph shows a tooth during the treatment 

against endodontics infection, consisting of disinfection procedure of root canal. In this 

situation, the dental pulp (connective tissue with neurovascular structures inside the root 

canal) is infected by multi-microorganisms, leading to pain and periapical infection. 

Biofilm can be located along the root canal and inside dentin tubules, which surround the 

pulp tissue and are challenging to access by traditional physicochemical methods during 

the treatment; and (D) photograph of a tooth that has lost part of its hard tissue owing to 

caries disease.  
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In a summary of this therapy intended for biofilm reduction, the photosensitizer and 

light penetrate the target site of dental infection to reach the pathogenic biofilm 315 (Figure 

4.2).  When the photosensitizers are exposed to light of a specific wavelength, reactive 

oxygen species (ROS) are produced, which may be able to reduce the biofilm viability of 

the most relevant periodontal (Aggregatibacter actinomycetemcomitans, Porphyromonas 

gingivalis), cariogenic (lactobacilli, Streptococcus mutans) and endodontic 

(Fusobacterium nucleatum, Prevotella, Enterococcus Faecalis) pathogens. This activation 

transfers the photosensitizer from a low-energy to an excited singlet state 312. After that, 

the photosensitizer may return to its low-energy state, or it is turned into a more significant 

amount of energy called excited triplet 315,316.  In the presence of oxygen, the triplet-state 

photosensitizer can interact with the surrounding molecules via two mechanisms: Type I 

and Type II 317 (Figure 4.3). Type I photochemical reaction is a radical or redox reaction 

in which a photosensitizer, excited to the triplet state (PS 3), interacts with a neighboring 

molecule by exchanging an electron or a hydrogen atom to produce superoxide anion 

radicals. The conversion of superoxide anions usually follows this process into H2O2, the 

latter being an immediate precursor of the hydroxyl radical, one of the most dangerous 

members of reactive oxygen species 318,319. On the other hand, type II photochemical 

reaction involves direct interaction of the excited triplet state photosensitizer with 

endogenous molecular oxygen in or surrounding the target cells thought energy 

transference from the photosensitizer in the triplet state to ground-state molecular oxygen 

to generate singlet molecular oxygen (1O
2)  12. 
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Figure 4.2. Photographs of clinical applications of photodynamic therapy to reduce biofilm 

in dentistry. Using this technique, the photosensitizer and the light penetrate the target site 

of dental infection to reach the pathogenic biofilm. (A) Light applied inside the gingival 

sulcus. (B) Light applied inside the root canal. (C) The light was applied to the dentin to 

decrease the quantity of biofilm inside dentin tubules. The biofilm is in difficult areas to 

access through conventional approaches. aPDT is a technique that incites enthusiasm in 

dentistry to overcome the disadvantages of conventional methods and to reach pathogenic 

oral biofilms. aPDT, antimicrobial photodynamic therapy. 

 

 

 

 

 

 

 

 



146 

 

 

 

Figure 4.3. In the aPDT, the photosensitizer and the light reach the contaminated area to 

produce ROS responsible for antimicrobial mechanism and disinfection. The Jablonski 

diagram represents the process of photosensitizer activation by light incidence. The energy 

delivered by the light is responsible for the displacement of electrons from the valence to 

the conduction band. This phenomenon leads to oxidation processes in the valence band 

(e.g., through the extraction of the hydrogen atom (H) from the external compound) and 

reduction in the conduction band (e.g., by the electron addition for the external compound), 

forming ROS as superoxide, hydroxyl radicals, hydrogen peroxide. ROS are responsible 

for interacting with the biofilms. In dentistry, the most common pathogens are arranged in 

biofilms compromising pivotal periodontal AU13 c (Porphyromonas gingivalis, 

actinomycetemcomitans), cariogenic (Streptococcus mutans, lactobacilli), and endodontic 

(Enterococcus faecalis, Fusobacterium nucleatum, Prevotella) microorganisms. ROS, 

reactive oxygen species. 

 

 Because of its specific mechanism of action, aPDT offers the advantage of 

immediate bacterial reduction of both gram-positive and gram-negative bacteria (Figure 

4.4). The photoinactivation of Gram (+) and Gram (−) bacteria is based on the concept that 

some photosensitizers can be accumulated in significant quantities in or on the plasmatic 
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membrane, a critical target to induce irreversible damage in bacteria. In general, neutral or 

anionic photosensitizer molecules are efficiently bound to Gram (+) bacteria and may 

photodynamically inactivate them. In Gram (-) bacterial cells, these photosensitizers 

molecules are bound, to a greater or lesser extent, only to the outer membrane, and cannot 

inactivate bacterial cells after illumination 320. This is related to the differences in the 

bacterial membrane composition. The peptidoglycan layer in the Gram (+) bacteria is 

porous with a single lipid bilayer. While the composition in the Gram (-) bacteria is 

prominently different as a double lipid bilayer sandwiches the peptidoglycan layer with the 

presence of lipopolysaccharide at the outer surface of the bacterial membrane 321,322. As a 

result, photosensitizers’ ability to penetrate the bacterial membrane and reach the 

cytoplasm is more complicated in the Gram (-) than Gram (+) bacteria 323. Several 

approaches have been proposed, such as the use of modified cationic photosensitizers, to 

overcome the limited penetrability of photosensitizers. Unlike neutral and anionic 

molecules, cationic molecules can bind easily to the bacterial membrane and 

lipopolysaccharide of Gram (-) bacteria causing destructive effects to the bacterial cells 

320,324. The use of nano-platforms to enhance photosensitizers’ penetration has also been 

suggested, which will be described and discussed comprehensively later in this review. 
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Figure 4.4. Scheme illustrating the nano-based platforms approaching the bacterial 

membrane of (A) Gram (+) and (B) Gram (-) bacteria. aPDT may provide advantages over 

the conventional treatments to immediately reduce both types of bacteria, Gram (+), such 

as S. mutans and E. faecalis, and Gram (-), such as P. gingivalis. The penetration of 

photosensitizer into the cell is not an ordinary process. The photosensitizer molecules 

penetrating cells depending on their size, charge, and solubility properties may be 

noncovalently bound at various subcellular sites or be associated with the more 

hydrophobic regions of membranous plasmatic. 

 

The benefits of aPDT are supported in the literature showing promising results in 

terms of bacterial load reduction. Nevertheless, limited disinfection of pathogenic biofilms 

is clinically observed 43,325. The clinical evidence points out two significant limitations of 
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current phototherapeutic interventions: restricted penetration of photosensitizer and light 

propagation inside the dentinal tubules, which confines aPDT to marginal efficiency in 

vivo 52,326. Along with the demanding challenge of light and photosensitizers penetration 

into biofilm promoted by its inherent complexity, the accessibility of these two components 

to the dental sites of infections represent contributing factors to the current clinical 

outcomes. 

Unlike aPDT-target tissues in dermatology where the skin is easily accessed 327, the 

oral pathogenic biofilm presents challenging to reach for the application of the therapy. 

The biofilms are hidden inside anatomical structures composed of soft and hard dental 

tissues. For disinfection of hard tissues on the treatment of deep tooth cavitation and 

endodontic infections (Figure 4.5), the geometry of dentinal tubules with a narrow lumen 

(1–2 µm) and considerable length (2–3 mm) defy to reach the target-pathogenic biofilm 

328. In the soft tissue’s disinfection for periodontal treatment, the biofilm is located inside 

periodontal pockets with, for instance, higher than 6 mm of diameter329.  
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Figure 4.5. Scanning electron microscopy images illustrating the geometry (A), depth (B), 

and details (C) of the dentinal tubules. The complexity of the dentin architecture represents 

a net for oral biofilm invasion and accumulation. The accessibility of antibacterial 

approaches, including aPDT for disinfection during operative and endodontic treatment, is 

challenging in these areas. The use of nano-based platforms to enhance the effectiveness 

of aPDT has been extensively studied in dentistry against bacteria embedded inside the 

dentinal tubules. 

 

The use of macro and micro-sized materials as therapeutic agents is associated with 

several disadvantages related to in vivo instability and low bioavailability as these materials 

can be metabolized rapidly without any therapeutic effects 330,331. In addition, macro and 

micro-sized materials have target-specific delivery issues, which may result in adverse 

effects 330,331. Therefore, the use of nano-scale materials is essential to overcome these 

limitations and increase the specificity and bioavailability of such therapeutic agents 332. 

Nanotechnology serves as a link to bond physical and chemical industries to medicine 

applying the science and knowledge for the benefits of humanity. Nano-scale materials 

have a range size between 1-100 nm, which allow them to move smoothly at a molecular 

level inside the human body 333. The use of nanotechnology to encapsulate and 
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functionalize therapeutic agents demonstrates an enhanced site-specific delivery with high 

bioavailability and less adverse effects. Moreover, nano-platforms illustrate a controllable 

release of therapeutic agents resulting in a sustain release for specific time without any 

cytotoxicity 332,334. Over the span of the past decade, the investigation of nano-based 

platforms has gathered a considerable amount of attention for their photoluminescent and 

carrier properties as a strategy to overcome the current challenges for aPDT. 

 Nanostructure materials have been employed to serve as carriers to improve the 

delivery and penetration of therapeutic agents for disease diagnosis and treatment 335–337. 

Nanostructure materials have been used in different medical disciplines to cure cancer, 

auto-immune diseases, respiratory diseases, and central nervous system disorders 338. 

However, constructing a nano-platform therapeutic approach is more complicated than it 

is expected. Different parameters, in addition to the particles' size, should be optimized 

when creating a nano-platform such as the particles' shape, charge, surface ligand 

modifications, and chemistry. The characterization and synthesis of the nano-platform 

should be designed carefully to obtain the desired pharmacokinetic features 339,340. In 2001, 

the US government implemented the National Nanotechnology Initiative (NNI), a program 

established to instigate and nanotechnology projects. Since then, this science area has 

received approximately $29 billion in funding.  

Moreover, the US government has allocated $1.4 billion for the NNI in the 2020 

fiscal budget 341. Such funding has significantly contributed to the rapid expansion of 

nanotechnology, and its advances have been applied in the nanomedicine field. The 

physicochemical characteristics of nanoparticles can shape specific properties related to 

solubility and adsorption of drugs, besides their protection against degradation and delivery 
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in specific sites that can be supportive of an enhanced antibacterial outcome against oral 

pathogenic biofilm 342,343.  So far, there has not been a comprehensive review of nano-

based platforms for intended oral disinfection. 

This review provides the latest development on different nanoplatforms settled to 

enhance the aPDT performance against target biofilm-triggered oral infections, such as 

periodontal diseases, endodontic infections, and dental caries. As well, we have 

summarized the current challenges of this approach in the intra-oral environment, 

considering soft and hard dental tissues. We have also discussed the current outcomes and 

their limitations. Finally, we put forward our perspective to address some of the challenges 

associated with aPDT using nano-based platforms for oral disinfection. 

 

4.2. Nanoscale Platforms 

 

Polymeric nanoparticles in aPDT 

Polymer materials have different medical and dental applications due to the unique 

molecular designs and present varied molecular designs 344,345. Polymeric nanocarriers 

have demonstrated promising outcomes to deliver therapeutic agents to target bacterial 

biofilms and cancerous tissues 346,347. They can present low cytotoxicity, good permeability 

through the cellular membrane, and they can act as drug delivery systems for long-lasting 

therapeutic agents with a controlled-release profile 348–350. Polymeric nanocarriers have 

been suggested for designing dental devices, dental restorations, and tissue engineering 

scaffolds 28,351. Polymeric platforms target endodontic infections 352, provide control for 

long-term multi-species biofilm control 353, improve resistance to degradation of 
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dentin/restoration interface induced by saliva and acids 354, and act as dental delivery 

systems for protection against caries 28,355.  

In the field of aPDT, polymeric carriers have gained much attention due to several 

advantages, such increased charge density and bioavailability of the photosensitizers to 

target the viable cells 356. Table 4.1 shows the use of different polymeric nanoparticles used 

as carriers for photosensitizers in aPDT. 

Table 4.1. Summary of preceding studies on applications of polymeric nanoparticles as 

carriers of photosensitizers in antimicrobial photodynamic therapy. 

 

Polymeric carrier Carried Photosensitizer Main outcomes related to aPDT 

Poly(lacticco-glycolic 

acid) (PLGA) 357 

 

 

Methylene blue (MB) 

 

•  Nanoparticles were positioned on the 

cell walls of E. faecalis. 

• The use of light and nanoparticle with 

MB led to approximately 2 and 1 log10 reduction 

of colony-forming units (CFUs) in the 

planktonic phase and root canals, respectively. 

Poly(lactic-co-glycolic) 

(PLGA) 358 

 

Methylene blue (MB) 

 PLGA nanoparticles with methylene blue had 

no statistical difference for planktonic cells and 

biofilm compared to anionic MB-loaded 

nanoparticles and free MB. 

Chitosan 359 Rose bengal (RB) 

•  The amount of chitosan-rose Bengal 

particles uptaken by E. faecalis and P. 

aeruginosa biofilms was significantly higher 

than those uptaken of rose bengal or methylene 

blue alone. 

•  The photoactivation led to 

significantly higher elimination of E. faecalis 

and P. aeruginosa biofilms with chitosan-rose 

Bengal particles compared to rose bengal or 

methylene blue alone. 

 The biofilm structures were damaged by the 

treatment with chitosan-rose Bengal particles. 

Poly (D,L-lactide-co-

glycolide) (PLGA) and 

chitosan 360 

Indocyanine green (ICG) 

•  The particle of PLGA, chitosan, and 

ICG was able to adhere to the surface of P. 

gingivalis. 
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• The irradiation of the synthesized 

particle significantly reduced the number of P. 

gingivalis (i.e., approximately 2-log10 bacterial 

killing). 

Chitosan 361 Rose bengal (RB) 

•  The particles of chitosan-RB created 

reduced the rate of singlet oxygen released 

compared to methylene blue and rose bengal 

alone. 

•  When the light was applied, the pulp 

and bovine serum albumin significantly 

inhibited the antibacterial activity of all the 

photosensitizers tested. 

 The particles of chitosan-rose Bengal presented 

residual effect and eliminated all bacteria after 

24 h of contact after light application. 

Chitosan 362 Rose bengal (RB) 

• The particles of chitosan-RB induced 

antibacterial activity via adhesion to the 

bacterial cell surface, membrane 

permeabilization and lyse of cells after the light 

application. 

• The particles of chitosan-RB induced 

lower viability of Enterococcus faecalis 

biofilms and disruption of biofilm structure 

when light irradiated. 

Chitosan 363 
Rose bengal 

(RB) 

•  The particles of chitosan-RB were 

effective in the endotoxins/lipopolysaccharides 

inactivation. 

•  The contact with chitosan-rose bengal 

reduced Interleukin-6 expression. 

•  Chitosan-RB particles showed no 

toxicity to macrophage cells. 

 Chitosan-RB particles significantly inactivated 

endotoxins/lipopolysaccharides with reduced 

nitric oxide and tumor necrosis factor α 

expression. 

Chitosan and 

hydroxypropyl 

methylcellulose 

(HPMC) 364 

Toluidine blue (TBO) 

•  After the light exposition, compared to 

the mixture of TBO and chitosan, the hydrogel 

of chitosan, HPMC and TBO showed a higher 

antimicrobial effect. 

• The bactericidal effect was 

significantly higher by prolonging the retention 

Table 4.1. Continued. 
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of a hydrogel in the biofilm and the model of rat 

skin wounds after the light exposition. 

Poly(lactic-co-glycolic) 

(PLGA) 365 
Methylene blue (MB) 

•  The particles of PLGA with MB 

eliminated approximately 25% more bacteria 

than free MB in biofilms. 

•  Both groups (patients treated with 

ultrasonic scaling and scaling and root planing 

or ultrasonic scaling + scaling and root planing 

+ aPDT with the particles of PLGA and MB) 

showed similar improvements of clinical 

parameters one month following treatments. 

• After three months of the treatment, 

scaling and root planing + aPDT showed a 

higher effect (28.82%) on the gingival bleeding 

index compared to ultrasonic SRP. 

Chitosan and 

hydroxypropyl 

methylcellulose 

(HPMC) 366 

Toluidine blue O (TBO) 

• In a 3D in vitro model of the gingiva, where 

the light was not able to reach, bacteria still 

alive. 

Chitosan 367  Methylene blue (MB) 

•  Chitosan with MB induced the lowest 

CFU/mL count, followed by MB alone (both 

using light irradiation), without significant 

differences among the groups (including when 

exposed to 2.5% NaOCl or chitosan alone. 

• Scanning electron microscopy showed 

that when chitosan and MB were applied with 

light, the lowest area of contamination was 

observed in the single-rooted extracted teeth. 

Chitosan 368 

5,10,15-tris(1-methyl 

pyridinium-4-yl)-20-

(pentafluorophenyl)porphy

rin tri-iodide decorated 

with carboxylic groups 

•  The position of the carboxyl group in 

the photosensitizer or the absence of the 

carboxyl groups modulate the activity against E. 

coli bacterium. 

• The new sensitizer was very stable in 

phosphate buffer solution and effective in the 

inactivation of E. coli bacterium. 

 

Chitosan as polymeric carriers 

The effect of aPDT against the planktonic growth of P. gingivalis sensitized by 

indocyanine green loaded nanospheres coated with chitosan (ICG-chitosan) has been 

Table 4.1. Continued. 
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investigated 360. This study hypothesized that combining the chitosan with ICG could 

induce a positive charge to the material, and therefore, increase the potential to interact 

with the bacterial membrane. These positively charged nanospheres could adhere to the 

wall of P. gingivalis, as well as other periodontal pathogens, to increase the bactericidal 

effect. ICG-chitosan significantly induced a higher antibacterial effect against P. gingivalis 

compared to ICG alone 360. ICG-chitosan was associated with a slight increase in the 

temperature at 1 min (4.23  0.85 °C), which is considered suitable for clinical applications 

as it was found that dental pulp is not influenced by a temperature increase up to 5 °C 369. 

Another study evaluated the adherence of Chitosan hydrogels containing hydroxypropyl 

methylcellulose (HPMC) combined with a toluidine blue O (TBO) photosensitizer to a 3D 

gingival model 366. The adherence of HPMC-TBO to the gingival model was increased by 

around 7-10-fold resulting in robust antibacterial properties against periodontal pathogens. 

Complete eradication was observed against P. gingivalis and A. actinomycetemcomitans 

when 2-h incubation and 108 J/cm2 irradiation were achieved. The improved antibacterial 

action was found dependent on the chitosan concentration and its post-incubation time as 

greater antibacterial effects were reported with higher concentration and longer post-

incubation time 366.  

The efficacy of HPMC-TBO was also investigated against the biofilm cells of 

Staphylococcus aureus and Pseudomonas aeruginosa. The chance of compromising and 

penetrating the bacterial membrane is higher when the agent retention was enhanced 364. 

The study showed the importance of optimizing the HPMC concentration in order to 

achieve the desired retention and antibacterial efficacy. While the TBO alone was 

associated only with a 1-log reduction of S. aureus biofilm, around 3.5-log reduction was 
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observed following the irradiation with TBO and chitosan under a light dose of 20 J/cm2 

364. The same combination of TBO and chitosan resulted in a more significant antibacterial 

action against E. faecalis 367. Chitosan was found to induce an electrostatic interaction with 

the negatively charged bacterial membrane resulting in the leakage of the intracellular 

elements and the obstruction of protein synthesis  370. 

  Rose bengal (RB) photosensitizer has limited penetrability to the bacterial cell 

since it cannot be transported via simple diffusion 371. Chitosan-conjugated rose bengal 

(CSRB) could enhance the uptake of RB into the bacterial cells by increasing the 

membrane interaction and improving the diffusion capability 359. The increased uptake of 

CSRB into the biofilm structure could produce a more considerable amount of singlet 

oxygen resulting in a complete elimination of both E. faecalis and P. aeruginosa biofilms. 

The ability of CSRB to adhere to the bacterial cells and the extracellular polysaccharide 

may result in higher uptake into the biofilm core and induce potent photo-oxidative 

damages to the bacterial biofilm 372.  

Root canal infections are associated with necrotic pulp tissues and bacterial by-

products. These factors, along with the dentin debris following root canal instrumentation, 

may strongly inhibit the antibacterial activity of such agents. The binding of RB to the 

chitosan nanoparticles (CSRBnp) was able to reduce the growth of E. faecalis up to 65% 

and 100% without photoactivation and with photoactivation, respectively. In CSRBnp, a 

lower rate of singlet oxygen production was observed compared to RB alone 361. It has 

been suggested that extending the rate of singlet oxygen production is beneficial to allow 

prolonged oxygen replenishment inside the hypoxic root canal system, which may prolong 

the antibacterial action 373. 
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The combination of RB and the chitosan nanoparticles (CSRBnp) was also found 

useful to inactivate lipopolysaccharides (LPSs), and subsequently eliminate the effect of 

the inflammatory sequences associated with the release of LPSs. The amount of nitric oxide 

and the expression of inflammatory cytokines were reduced when CSRBnp was used. 

These cytokines, tumor necrosis factor-alpha (TNF-) and interleukin-6 (IL-6), were only 

decreased with CSRBnp compared to the other treatment strategies such as methylene blue 

(MB) and calcium hydroxide 363. CSRBnp demonstrated a significant reduction of E. 

faecalis colonies after 21-day of biofilm growth 362. It was hypothesized that CSRBnp 

could induce photodynamic cross-linking to produce singlet oxygen or free radicals to 

target oral biofilms. The same study also demonstrated the ability of CSRBnp to improve 

the ultimate tensile strength and degradation resistance of the treated dentin 362.  

 

Cationic polylactic-co-glycolic (PLGA) as polymeric carriers 

Cationic polylactic-co-glycolic (PLGA) nanoparticles as a carrier of MB (PLGA-

MB) was efficient to yield a photodestructive action against oral biofilms. Cationic 

nanoparticles can interact with negatively charged lipid bilayer creating holes in nanoscale 

in the cell membrane, which may explain the toxicity of these nanoparticles even in the 

absence of light 374. Plaque-derived biofilm was subjected to PLGA-MB and red light for 

5 min and 100 mW/cm2 power density. The release of MB in the active form was higher 

in the cationic PLGA-MB agent compared to anionic-MB or free-MB. However, no 

significant difference was observed in the aPDT efficiency among the three agents 358.  

PLGA-MB nanoparticles were also examined against E. faecalis grown inside 

infective root canals of extracted teeth. Red light irradiation with an energy of 60 J/cm2 
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demonstrated 2-log reduction, which could be beneficial to reduce the risk of endodontic 

reinfection 357. Following the irradiation of 20 J/cm2 and a concentration of 25 μg/mL, 

PLGA-MB increased the efficiency of MB against plaque-derived biofilm by 25% 365. In 

the same study, the effectiveness of PLGA-MB in vivo was investigated when associated 

with scaling and root planing (SRP) compared to SRP alone. PLGA-MB+SRP improved 

the gingival bleeding index by 28.82% compared to SRP alone after three months. 

However, no clinically significant improvement was observed considering other 

parameters such as clinical attachment loss, bleeding on probing, visible plaque index, and 

pocket depth 365.  

 

Metallic Nanoparticles in aPDT 

Metallic nanoparticles have a high surface-to-volume ratio, which guides the ability 

of such material to interact with the bacterial membrane to induce bactericidal action 104. 

Therefore, the use of metallic nanoparticles gains much attention in dentistry, especially in 

restorative dental materials to prevent biofilm accumulation at the tooth/restoration 

interface 28. Table 4.2 summarizes the previous studies using metallic/metallic oxide 

nanoparticles to enhance the antimicrobial action of different photosensitizers.   

 

Table 4.2. Outline of previous studies using elemental nanoparticles to enhance the 

antimicrobial action of photosensitizers. 

 

 

Agent 

 

Delivery Approach 

 

Outcomes 

Zinc oxide 

nanoparticles 

Crystal violet-coated 

polyurethane with oleic acid 375  

4 and 1-log reductions of S. aureus and E. coli 

colonies, respectively. 
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Crystal violet-coated 

polyurethane with magnesium 

oxide nanoparticles 375 

3-log reductions of S. aureus and E. coli 

colonies 

Gold 

nanoparticles 

Vancomycin-bound gold 376  Inhibition of more than 99% of gram-positive 

and gram-negative bacteria 

Combination of TBO and gold 

nanoparticles 377 

1-2-log reduction of S. aureus growth 

Combination of methylene blue 

and gold nanoparticles 378 

C. albicans growth was reduced significantly 

compared to methylene blue or gold 

nanoparticles alone 

Combination of methylene blue 

and gold nanoparticles inside 

polysiloxane polymers 379 

3.5-log reduction against methicillin-resistant 

S. aureus and E. coli 

Polyurethane polymer containing 

methylene blue or TBO with 

gold nanoparticles 380  

Around 3-4-log reduction against S. aureus 

Silver 

nanoparticles 

Combination of TBO and silver 

nanoparticles 41  

4-log reduction of S. mutans biofilm was 

observed 

Combination of methylene blue 

and silver nanoparticles 381  

1-2 log reduction of S. mutans biofilm was 

observed 

Combination of methylene blue 

and silver nitrate nanoparticles 
382 

2-3-log reduction of E. coli colonies compared 

to methylene blue or AgNO3 alone 

Methylene blue and crystal 

violet photosensitizers combined 

with silicone and silver 

nanoparticles 383  

3-log reduction of was S. aureus, and E. coli 

observed 

Indocyanine green 

photosensitizer combined with 

silver nanoparticles 384 

A small reduction of E. faecalis biofilm was 

observed 

Titanium Dioxide 

5,10,15-tris(1-methyl 

pyridinium-4-yl)-20-

(pentafluorophenyl) porphyrin 

tri-iodide photosensitizer 

combined with titanium dioxide 

nanoparticles 368  

E. coli colony-forming units were reduced by 

2-log 

Upconversion nanoparticles 

functionalized with titanium 

dioxide shell 385 

Approx. 4-log reduction was observed against 

S. sanguinis, P. gingivalis, and F. nucleatum 

Table 4.2. Continued. 
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Erythrosine photosensitizers 

combined with titanium dioxide 

nanoparticles 386 

1.27-1.85-log reduction against C. albicans 

Lanthanide-dope 

nanoparticles 

 

Lanthanide-doped nanoparticles 

combined with β-

carboxyphthalocyanine zinc and 

polyvinylpyrrolidone polymer 387 

Methicillin-resistant S. aureus and E. coli 

growth were reduced by 4.7-log and 2.1-log, 

respectively 

Iron Oxide 

magnetic 

nanoparticles 

Combination of chlorine e6, 

coumarin 6, and iron oxide 

(Fe3O4) magnetic nanoparticles 
388 

4-5-log reduction of S. sanguinis, P. gingivalis, 

and F. nucleatum 

Graphene 

quantum 

dots/graphene 

oxide 

Graphene quantum dots 

combined with toluidine blue 389 

E. coli colony-forming units were reduced by 

4-log compared to toluidine blue alone 

Graphene quantum dots 

combined with methylene blue 
389 

E. coli colony-forming units were reduced by 

4.5-log compared to methylene blue alone 

Graphene quantum dots 

combined with curcumin 390 

Around 1-log reduction against a multi-species 

periodontal biofilm containing A. 

actinomycetemcomitans, P. gingivalis, and P. 

intermedia microorganisms 

Graphene quantum dots 

combined with crystal violet 391 

4 and 3-log, respectively reduced Methicillin-

resistant S. aureus and E. coli growth. 

Nano-graphene carbon combined 

with indocyanine green 

photosensitizer 392 

2.81-log reduction against E. faecalis biofilm 

Graphene oxide designed with 

carnosine and hydroxyapatite 393 

Around 2-log reduction was observed against 

S. mutans biofilm. Also, gtfB gene expression 

was reduced by 7.9-fold 

Fullerenes (C60 

and C70) 

Fullerenes combined with carbon 

nitride 394 

The E. coli growth was reduced by 7-8 log 

Metal-organic 

frameworks 

Metal-organic frameworks 

combined with indocyanine 

green photosensitizer 395 

0.5-log reduction was observed against E. 

faecalis 

 

Zinc Oxide Nanoparticles 

Zinc oxide (ZnO) nanoparticles have been extensively used in dentistry due to its 

interesting physical properties and antimicrobial activity 396,397.  Zinc is an essential mineral 

Table 4.2. Continued. 
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that can be found in our brain, bone, muscle, and skin 398. As an antibacterial agent, ZnO 

nanoparticles can induce ROS, which then can enhance the membrane permeability of ZnO 

and damage the cell wall of several microbes 399. The effect of aPDT conjugated with ZnO 

nanoparticles against E. coli and S. aureus was investigated  375. Two different forms were 

developed; ZnO nanoparticles incorporated with crystal violet-coated polyurethane and 

oleic acid (CVZnO_OA) and ZnO nanoparticles incorporated with crystal violet-coated 

polyurethane plus magnesium oxide nanoparticles (CVZnMgO_OA). Using a white-light 

illumination of 6600 lx for one hour with a distance of 25 cm, 4, and 3-log reductions of S. 

aureus colonies were observed with CVZnO_OA and CVZnMgO_OA, respectively. For 

E. coli, one and 3-log reduction was reported using CVZnO_OA and CVZnMgO_OA 

nanoparticles, respectively. On the other hand, irradiating the crystal violet alone did not 

reduce the growth of S. aureus and E. coli significantly. These results indicate the 

effectiveness of using ZnO nanoparticles to enhance the killing activity of photosensitizers 

375. 

 

Gold Nanoparticles 

 Gold nanoparticles can be easily functionalized and designed in different geometric 

shapes and sizes, which facilitates the manipulation of their optic, plasmonic, and 

photothermal characteristics 400. As a result, different gold nanoparticles, such as 

nanoclusters, nanospheres, nanoprisms, nanorods, nanoflowers, and core-shells, were 

previously synthesized 401. Besides being an excellent carrier to target tumor and cancer 

cells 376,402, conjugating photosensitizers with gold nanoparticles has shown promising 

results related to aPDT 378. The presence of heteroatoms with carbon framework403 and dye 
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sensitization 404 can increase the efficiency of aPDT. Gold nanoparticles can form a 

heterostructure to enhance the light-harvesting and light absorption resulting in ROS 

generation 405.  

In this context, photosensitizers with gold nanoparticles can induce two-photon 

excitation fluorescence and high single oxygen production 406. Vancomycin combined with 

gold nanoparticles was found effective in reducing the growth of gram-positive and gram-

negative bacteria following the irradiation with near-infrared light with a peak of 808 nm 

376. Also, colloidal gold nanoparticles increased ultraviolet (UV)-visible absorption when 

they combined with TBO and MB photosensitizers 407. Higher antibacterial properties were 

observed when TBO was coupled with gold nanoparticles as compared to TBO alone 377. 

The S. aureus colonies were reduced by 1-2-log using different concentrations of gold 

nanoparticles combined with TBO 377, which was also described as a covalently linked 

gold-tiopronin-TBO conjugate and S. aureus by Gil-Tomás et al. 408. Also, gold 

nanoparticles combined with MB were found effective against methicillin-resistant S. 

aureus and E. coli 379, S. aureus 380, and Candida albicans 378. Candida species, in 

particular, have shown certain mechanisms such as enzymatic alteration or the induction 

of efflux pumps to eject the photosensitizer molecules in order to resist the action of aPDT 

409,410. Combining aPDT with gold nanoparticles can increase the effectiveness of such 

agents and overcome the defense mechanisms of Candida species. 

 

Silver Nanoparticles 

For many decades, silver (Ag) has been used to target several microorganisms, 

including drug-resistance bacterial strains. Several concepts have been developed to 
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explain the mechanism of Ag antimicrobial action. The two most commonly accepted 

theories are the direct contact killing by damaging the cell membrane and protein 

deactivation caused by the release of Ag ions 411. Incorporating Ag nanoparticles with 

photosensitizers was attempted in previous studies. The incorporation of TBO and Ag 

nanoparticles demonstrated the ability to reduce the growth of S. mutans biofilm 41. 4-log 

reduction was achieved when TBO-Ag nanoparticles were irradiated for 70 seconds with 

an energy density of 9.1 J/cm-2. Combining TBO with Ag nanoparticles revealed the ability 

to produce a relevant amount of ROS, lyse the cellular components of S. mutans, and down-

regulate the virulence factors of S. mutans biofilm 41.  

Another photosensitizer, methylene blue, was incorporated with silver nitrate 

(AgNO3) nanoparticles to diminish the growth of E. coli 382. The light used in the study 

was monochromatic LED light with a power of 6.8 mW at a wavelength of 660 nm. 2-3-

log reduction was observed using methylene blue-AgNO3 compared to methylene blue or 

AgNO3 alone. The same study revealed the ability of this combination to prevent the 

growth of other bacterial species such as Klebsiella pneumonia, Pseudomonas aeruginosa, 

Enterobacter cloacae, and Serratia marcescens 382. The effect of methylene blue and Ag 

nanoparticles against mature, dense S. mutans biofilms was investigated in a study where 

the biofilms were grown over dentin disks. The amount of S. mutans colony-forming units 

was reduced by around 95% after the irradiation with a diode laser for 3 minutes 383.  

The dual effect of methylene blue and crystal violet photosensitizers incorporated 

with silicone and Ag nanoparticles revealed an antibacterial action against E. coli and S. 

aureus 383. A white light source with an intensity of 970 lx was used to irradiate the bacterial 

species for 3 and 5 h for E. coli and S. aureus, respectively. For the E. coli colony forming 
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units, a 1-2-log reduction was observed when one of the two dyes was used without Ag 

nanoparticles. When the two dyes were used along with Ag nanoparticles, 3-log reduction 

was observed. The same observation was reported with S. aureus colony-forming units 383. 

Interestingly, the results vary among the studies: Ag was coupled with indocyanine 

green photosensitizer in previous research. It was used a model with E. faecalis biofilms 

grown inside the root canal system of extracted teeth for four weeks. Then, the nanoparticle 

system was injected into the canals and irradiated with a diode laser with a wavelength of 

810 nm at 200 mW for 30 s. The amount of E. faecalis colony-forming units was reduced 

more than the control group, but the reduction was not significant 384.  

 

Titanium Dioxide  

The oxidative stress of titanium oxide (TiO2) has been identified as the main 

mechanism to induce biological actions toward living cells by the induction of ROS. As a 

result, TiO2 has been used as an antimicrobial agent since 1985 412. The use of TiO2 for 

aPDT was illustrated in one study where the functionalization of 5,10,15-tris(1-methyl 

pyridinium-4-yl)-20-(pentafluorophenyl) porphyrin tri-iodide, a photosensitizer, to TiO2 

was achieved 368. The meso-pentafluorophenyl group was modified to contain carboxylic 

groups to facilitate the interaction of macrocycle with TiO2. 

Two different forms of porphyrin photosensitizers, named as P3- TiO2 and P4- 

TiO2, were constructed to enhance the photodynamic activities of the photosensitizer. The 

difference between the two forms of porphyrin related to the concentration of 2-

mercaptobenzoic acid (0.015 and 0.03 mmol) that was added to porphyrin. It was found 

that P3- TiO2 was able to generate singlet oxygen more efficiently than P4- TiO2. Similarly, 
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P3- TiO2 demonstrated more E. coli inhibition than P4- TiO2. 2-log reduction was observed 

when white light radiation of 3.0 mW cm-2 was used for 180 minutes to achieve an energy 

density of 32.4 J/cm2 368.  

Rare earth-doped upconversion nanoparticles (UCNPs) functionalized with TiO2 

shells were found effective in reducing the growth of periodontal pathogens 385. The 

biofilm of P. gingivalis, F. nucleatum, and Streptococcus sanguinis was irradiated with a 

light intensity of 2.5 W/cm2 for 5 min at 980 nm. The CFUs growth of each pathogen was 

reduced by around 4-log compared to the control. Also, the metabolic activities of the 

periodontal pathogens were significantly reduced 385. TiO2 also increased the efficiency of 

erythrosine photosensitizer against C. albicans 386. The irradiation was performed using 

blue light for 1 minute with an energy of 15 J/cm2. 1.27-log reduction was observed when 

erythrosine concentration was 220 M. Increasing the erythrosine concentration up to 440 

M resulted in 1.85-log reduction 386. These findings indicate that TiO2 nanoparticles not 

only can be used as a catalyst to enhance the aPDT against bacterial species but also 

Candida. 

 

Lanthanide-dope nanoparticles  

In the 1960s, lanthanide luminescence has been introduced with different 

applications such as battery devices, lighting, and photonic systems 413,414. It can cover 

most of the visible spectrum by the use of several energy levels related to the seven 

electronic orbitals 414. The nanoscale level of lanthanide-doped nanoparticles has the 

potential of multicolor tuning by the integration of incompatible dopants into the 

nanoparticles 415. Different approaches, such as chemical bonding, thermal annealing, and 
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surface polymerization, have been suggested to integrate lanthanide-doped nanoparticles 

into different dye atoms 416. Emission modulation can be achieved by the incorporation of 

lanthanide ions into core-shell structure to cover the entire visible region resulting in 

different applicable designs and applications 417. 

One study demonstrated the ability of lanthanide-dope nanoparticles to induce a 

robust antibacterial action when they were combined with β-carboxyphthalocyanine zinc 

and polyvinylpyrrolidone polymer 387. This combination was triggered by 0.5 W/cm2 light 

intensity at 980 nm. The CFU counts of methicillin-resistant S. aureus and E. coli were 

reduced by 4.7 and 2.1 order of magnitude. Also, the growth of C. albicans was reduced 

indicating the ability of lanthanide-dope nanoparticles to exert antifungal action 387. 

 

Magnetic Nanoparticles 

The use of magnetic nanoparticles to enhance the delivery of anti-cancer agents has 

expanded in the last few years 418. Other reports demonstrated the ability to incorporate 

magnetic nanoparticles to target the killing of certain microorganisms 419. In dentistry, the 

incorporation of chlorine e6 (Ce6) with coumarin 6 (C6) and iron oxide (Fe3O4) magnetic 

nanoparticles was attempted to increase the killing efficiency against periodontal 

pathogens. Ce6 is a high efficient photosensitizer with low toxicity 420,421. It demonstrated 

the ability to be used in targeting tumors and several bacterial species 420,421. The 

combination of Ce6-C6-Fe3O4 was applied against periodontal biofilms grown over dentin 

disks and irradiated with 630 nm light with an intensity of 100 mW/cm-2 for three minutes. 

Samples treated with and without Fe3O4 magnetic nanoparticles resulted in a 4-5-log 

reduction of S. sanguinis, P. gingivalis, and F. nucleatum, showing that Fe3O4 did not 
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deteriorate the killing efficiency of Ce6. Also, the metabolic activities of the same 

microorganisms were reduced by 50-80 %. Therefore, the motion of platforms constituted 

of magnetic nanoparticle and photosensitizers may increase the penetration efficiency for 

the photosensitizer. This approach may open new pathways to target deeply embedded 

biofilms inside the dentinal tubules and periodontal pockets 388.  

 

Graphene Quantum dots/Graphene Oxide   

Quantum dots are nanoparticles with 1 to 10 nm 422 that have been used for many 

purposes, since materials engineering 423 up to biomedical applications 424–426. When 

quantum dots are exposed to light, the electrons pass from the valence to the conduction 

band, and the excess energy might be emitted as light. Because of their smaller size then 

the exciton Bohr radius, the quantum confinement occurs in quantum dots 422, leading to 

effects as intermittent luminescence by blinking 427. Quantum dots, such as those 

synthesized by graphene, have been applied for photodynamic therapy 428 as an alternative 

approach to creating ROS 429. The radicals are created in the valence band of quantum dots 

when they are irradiated with more energy than their band-gap and may disrupt bacterial 

membranes 430. Graphene quantum dots showed antibacterial activity after light activation 

at the blue range (465–475 nm) against planktonic methicillin-resistant S. aureus and E. 

coli 431. Graphene quantum dots also demonstrated a synergic photoactivated antimicrobial 

property when conjugated with methylene blue or toluidine blue dyes against planktonic 

E. coli 389. 

 In dentistry, graphene quantum dots were used for antimicrobial photodynamic 

therapy against planktonic bacteria and biofilms of periodontal pathogens when coupled to 
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curcumin and irradiated with a blue LED (435 ± 20 nm, the intensity of 1000-1400 

mW/cm2, during 1 min) 390. A. actinomycetemcomitans, P. gingivalis and P. 

intermedia were evaluated in mixed planktonic and biofilm forms following the exposure 

to eight different treatments to elucidate the effects of light, curcumin, and graphene 

quantum dots on cells’ viability, biofilm biomass quantification, intracellular ROS 

measurement and genes expression. A significant difference was observed in cell viability 

as a 93% reduction in the CFU counts and low planktonic cells’ viability were observed 

using graphene quantum dots conjugated to curcumin. Moreover, lower gene expression 

of virulence factors (related to biofilm formation ability) and higher ROS generation were 

found with the combination of graphene quantum dots and  curcumin compared to other 

groups 390.  

Quantum dots have heavy metals such as cadmium, which may limit oxidative 

stress and the generation of ROS 432. A more recent report utilized a cadmium-free quantum 

dots to target methicillin-resistant S. aureus and E. coli colonies 391. Quantum dots were 

combined with polyurethane and crystal violets to increase the amount of ROS production, 

and therefore increase the killing efficiency of the agent. The combination of quantum dots 

and crystal violets encapsulated in polyurethane polymer increase the ROS production and 

results in significant inhibition of methicillin-resistant S. aureus and E. coli growth 

compared to each component alone 391.   

Another study investigated the use of nano-graphene oxide to increase the efficacy 

of indocyanine green photosensitizer to target E. faecalis biofilm 392. The formed biofilms 

were irradiated using a diode laser at 810 nm with a light intensity of 250 mW/cm2 for one 

minute. It was found that indocyanine green photosensitizer reduced the growth of E. 
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faecalis biofilm by 1.91-log compared to control. The use of nano-graphene carbon 

reduced the growth by 2.81-log resulting in 1-log additional reduction compared to 

indocyanine green alone 392. Graphene oxide was designed along with carnosine and 

hydroxyapatite as a nano-carrier to increase the antibacterial action of indocyanine green 

against S. mutans biofilm 393. This combination resulted in around 2-log reduction 

compared to the control. The amount of reduction was slightly increased compared to 

biofilms treated with indocyanine green alone. Also, the gtfB gene expression was reduced 

by around 7.9-fold 393. These results suggest that the use of graphene quantum dots and 

graphene oxide irradiated by light could be an innovative and promisor non-invasive aPDT. 

 

Fullerenes  

Fullerenes are members of closed-cage carbons molecule family composed of 

pentagons and hexagons structures. Fullerenes have a long triplet excited state lifetime over 

the irradiation, which indicates that these agents can induce ROS 433,434. Fullerenes (C60 

and C70) were found effective in reducing the growth of E. coli when they were combined 

with carbon nitride and irradiated for four h using a light intensity of 193 mW/cm2. The 

irradiation with carbon nitride alone resulted in a 5-log reduction of E. coli growth. The 

use of C60 and C70a, in addition to carbon nitride, increased the CFUs reduction by around 

two and 3-log, respectively, compared to carbon nitride alone 394. It was hypothesized that 

fullerenes have the ability to generate ROS to target the microbial membrane 435.  

The main disadvantages of fullerenes are related to their hydrophobic nature and 

antioxidant action. These disadvantages could be eliminated using specific approaches 

such as surface modifications via anionic and cationic functional groups and 
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supramolecular approaches via PEGylation and encapsulation 436.  

 

Nanodiamonds 

Nanodiamonds, or diamond nanoparticles, are biocompatible carbon-based 

materials in the nanoscale range 437. Nanodiamonds have drawn increasing interest as drug 

delivery platforms and optical luminescence markers due to their suitable chemical surface 

composition for molecules adsorption and conjugation, besides presenting fluorescence 438–

440. The outstanding optical properties of nanodiamonds is mainly based on their high 

photostability during fluorescence after being treated with oxidative acids and, 

consequently, the formation of defect points in the crystal lattice. The photostability is 

achieved by a lack of photobleaching, which allows their use as biomarkers when long 

periods of imaging is necessary 441,442.  

In dentistry, nanodiamonds were used as fillers in dental materials to improve 

mechanical properties, such as flexural strength and impact strength, of auto-polymerized 

polymethyl methacrylate 443. Furthermore, these nanoparticles showed antibacterial 

activity against S. mutans biofilm when functionalized with a photocurable polycation to 

be incorporated in a co-monomer blend of dimethacrylates 444 and against S. aureus when 

functionalized with amoxicillin and incorporated in gutta-percha 445. However, there are 

no studies so far that evaluated the antibacterial activity of nanodiamonds against oral 

biofilm using photodynamic therapy approach. 

 

Nanoemulsion 

Nanoemulsion is a colloidal system used to carry specific components that face 
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stability problems to optimize the drug delivery to specific biomolecules. Nanoemulsion 

has a solid sphere with amorphous and lipophilic negative charge surface 446. The main 

components of nanoemulsion are oil and water droplets in the range of 20-200 nm 

conjugated with a surfactant that arranges the oil/water interface 447. Nanoemulsion can be 

explicitly used to enhance the delivery of hydrophobic drugs 448, which makes 

nanoemulsions excellent candidates to enhance the delivery of photosensitizers. 31.8 μM 

of aluminum-chloride-phthalocyanine (ClAlPc) photosensitizer entrapped inside a cationic 

nanoemulsion was found sufficient to reduce the C. albicans planktonic growth following 

the irradiation with red LED light at a maximum peak of 660 nm 449. Using an irradiance 

of 38.1 mW/cm-2 and an energy density of 100 J cm-2, around a 3-log reduction of C. 

albicans counts and a 70% reduction in the cellular metabolism were observed. The same 

study showed that anionic nanoemulsion-ClAlPc was not effective against C. albicans 449.  

The efficiency of cationic nanoemulsion-ClAlPc against multispecies biofilms 

containing C. albicans and S. mutans species was also evaluated 450. Different ClAlPc 

concentrations, 31.8, and 68.8 μM, were used with a light energy density of 78.63 J cm-2. 

Around 1-2-log reduction was observed, and the metabolic activities were decreased by 

53.7%. Increasing the radiation time or the concentration of ClAlPc didn’t result in a higher 

amount of inhibition. Therefore, a dose-dependent effect was not reported 450. More 

investigations are needed to explore the efficacy of nanoemulsion to carry other 

photosensitizers and to confirm their applicability in vivo. 

 

Other nano-carriers  
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Nanospheres are used to contain therapeutic or antibacterial agents inside a 

colloidal matrix to transport or control the release of such agents 451. The incorporation of 

indocyanine green photosensitizer into nanospheres was attempted as a photodynamic 

antibacterial agent. Indocyanine green has a broad spectrum absorption with an absorption 

peak of 805 nm 452. The use of indocyanine green-loaded nanospheres reduced the CFUs 

of P. gingivalis due to the irradiation with a diode laser for 3-5 minutes. The use of either 

diode laser or indocyanine green-loaded nanospheres alone did not result in any inhibition 

compared to the control. While using the diode laser with an intensity of 0.7 W for 1 minute 

resulted in around 1-log reduction. Increasing the irradiation time was associated with more 

inhibition since 5 minutes irradiation demonstrated 3-log reduction for the CFUs of P. 

gingivalis 453. The results of this study may indicate the benefits of using nano-carriers to 

deliver antibacterial agents to target periodontal pathogens in deep periodontal pockets and 

furcation areas where the mechanical debridement could be challenging.  

The combination of indocyanine green and metal-organic framework inhibits the 

growth of E. faecalis. Metal-organic frameworks are crystalline compounds that contain 

coordinated bonds between metal ions and organic ligands. Loading of indocyanine green 

with metal-organic framework decreased the CFUs and biofilm formation of E. faecalis by 

45.12-60.72% and 37.54-53.68%, respectively. Also, the expression of the esp gene 

associated with E. faecalis colonization and biofilm formation was reduced by 4.4-6.2-fold 

395.  

The boost on the aPDT outcomes against oral biofilms using nano-based platforms 

remains at a primary stage of development but is clearly an approach that holds tremendous 

potential. The currently available evidence shows mainly in vitro preclinical studies 
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emphasize the capability of different nanotechnology to improve the penetrability and 

delivery of photosensitizers.  

In general, the approaches showed here have yielded improved outcomes as 

compared to conventional, non-nano-based photosensitizer platforms approach, resulting 

in reduced pathogenic species and its counterpart biofilms. Likewise, nano-based platforms 

aimed at overcoming the oral biofilm complexity of penetrability have also provided 

preliminary evidence of efficacy.  

In concert, these studies have identified several parameters that will need to be 

taken into an account in future investigations. In addition to design principles affecting 

photosensitizer, the stability, pharmacokinetics, biodistribution, toxicity, size, dispersion, 

and motion of the nano-based platforms are frequent considerations in many of these 

studies. Clinical translation of the most effective approaches/combinations will 

undoubtedly entail the optimization of the nanostructures against more complex biofilm 

models that mimic the oral environment.   

 Although the antibacterial activity and therapeutic efficacy of these compounds 

remain limited in evidence, the exploration of the unique properties of nanomaterials is 

promising for the design of platforms for oral disinfection. 
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Introduction to CHAPTER FIVE 

This next chapter investigated the ability to improve TBO penetration using 

magnetic nanoparticles and magnetic field force. TBO as a light-activated material has 

shown antibacterial effect against several cariogenic pathogens 43. However, the 

penetration of TBO inside the dentinal tubules is not that efficient due to the 

hydrophobicity of TBO, which may limit its penetration through thick mature biofilm and 

also its penetration inside micro dental environment areas, such as dentinal tubules 50–52. 

Combining Fe2O3 nanoparticles with TBO may enhance the penetration efficacy inside the 

core of biofilms using a magnetic field resulting in more bacterial reduction. A magnetic 

field may increase the penetration of TBO to target thick and mature biofilms and arrest 

early non-cavitated root carious lesions. The same approach can be employed in the 

perspective of prevention.  

Therefore, the next chapter evaluated the most optimum parameters of TBO in 

aPDT concerning energy dosimetry, TBO concentration, and incubation time using S. 

mutans biofilms. Then, the functionalization of the TBO photosensitizer into Fe2O3 

nanoparticles inside different microemulsion formulations was described. Finally, the 

antibacterial action of the designed microemulsions (named MagTBO) was assessed using 

S. mutans and multispecies biofilms. 

Central Hypothesis of Aim II. 

The designed microemulsions containing TBO and different concentrations of 

Fe2O3 nanoparticles would significantly improve the penetrability, stability, and 

antibacterial action of the TBO photosensitizer when tested against mature and thick 

cariogenic biofilms.  
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CHAPTER FIVE: 

Developing and Examining Magnetic Field-guided Antimicrobial Photodynamic 

Therapy for Enhanced Inhibition of Cariogenic Biofilms 

 

Abstract 

Conventional antibiotic therapies for biofilm-trigged oral diseases are becoming less 

efficient due to the emergence of antibiotic-resistant bacterial strains. Antimicrobial 

photodynamic therapy (aPDT) is hampered by restricted access to bacterial communities 

embedded within the dense extracellular matrix of mature biofilms. Herein, a versatile 

photosensitizer nanoplatform (named MagTBO) was designed to overcome this obstacle 

by integrating toluidine-blue ortho (TBO) photosensitizer and superparamagnetic iron 

oxide nanoparticles (SPIONs) via a microemulsion method. To date, there has been no 

report on the antibacterial performance of photosensitizer nanoplatform using Fe2O3-TBO 

via microemulsion against dental caries-related pathogens. In this study, we reported the 

preparation, characterization, and innovative application of MagTBO for aPDT for the first 

time. In the presence of an external magnetic field, the MagTBO microemulsion can be 

driven and penetrate deep sites inside the biofilms, which can result in a remarkably 

improved photodynamic disinfection effect compared to the use of TBO alone. Besides, 

the obtained MagTBO microemulsions revealed excellent water solubility and stability 

over time, enhanced the aPDT performance against S. mutans and saliva-derived 

multispecies biofilms, and improved the TBO’s biocompatibility. Such results demonstrate 

a proof-of-concept for using microemulsion as a delivery vehicle and magnetic field as a 

navigation approach to intensify the antibacterial action of currently available 

photosensitizers, leading to efficient modulation of pathogenic oral biofilms. 
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Section 1. Light Energy Dose and Photosensitizer Concentration Are Determinants 

of Effective Photo-Killing against Caries-Related Biofilms 1 

 

Introduction  

Carious lesions on restored teeth recur at alarming rates. The high prevalence of 

failed restorations has made secondary caries a pernicious problem 454. The onset of 

primary or recurrent carious lesions is triggered by the biofilm growth over the tooth 

surface or tooth–material interface 455,456. Caries-related biofilms are composed of a 

densely filled community of microbial cells. These bacterial cells can produce and survive 

in acidic environments and surround themselves with an exopolysaccharide-rich matrix 

457,458. Although this biofilm is composed of many different microbial species, the leading 

role in its formation and pathogenicity is attributed to Streptococcus mutans 6,459. 

In this context, S. mutans presents a remarkable ability to survive changes in pH 

and oxygen tension and produce EPS matrix synthesis to firmly attach to substrates (Figure 

5.1A) 460. As dental caries is a common biofilm-dependent oral disease, in the presence of 

sucrose, S. mutans biofilms can promote its progression 461, especially in areas inside the 

oral cavity where the mechanical removal of biofilms by brushing is difficult 29. Besides, 

dental composite restorations, composed of resin monomers, may present leachable 

 

 

1 This section is a slightly modified version of “Balhaddad AA, AlQranei MS, Ibrahim MS, Weir MD, 

Martinho FC, Xu HHK, Melo MAS. Light energy dose and photosensitizer concentration are determinants 

of effective photo-killing against caries-related biofilms. Int J Mol Sci 2020;21:E7612” published in 

International Journal of Molecular Sciences and has been reproduced here with the permission of the 

copyright holder. 



178 

 

compounds that stimulate bacterial growth 462. Therefore, anti-biofilm strategies that can 

effectively minimize and modulate cariogenic biofilms are currently in demand 463. 

Antimicrobial photodynamic therapy (aPDT), also known as photoactivated 

disinfection, provides a promising approach to inactivate pathogens for biofilm control in 

dentistry, as illustrated in Figure 5.1B. aPDT has shown encouraging results against several 

oral microorganisms without inducing bacterial resistance 464. The use of aPDT to combat 

oral biofilms has been a promising approach, where this strategy targets cariogenic biofilms 

and could help prevent the onset and progression of dental caries 41,465. In this approach, 

photosensitizers, followed by light irradiation at a specific wavelength, offer a noninvasive 

method to target pathogenic biofilms in many dental sites 42. The mechanism behind aPDT 

is based on prompting oxidative photo-damage of the targeted bacteria. This process is 

achieved via two different mechanisms, type I and II 43,466. In type I, exciting the 

photosensitizer to the triplet state allows the photosensitizer to interact with the 

surrounding molecules via electron or hydrogen exchange to generate reactive oxygen 

species (ROS.). In type II, the interaction occurs between the excited photosensitizer and 

oxygen molecules in or around the cells resulting in singlet oxygen (1O
2 ) production. Both 

approaches can happen at the same time to exert diverse antibacterial activities 466–468. 

From all photosensitizers that absorb light energy and catalyze the formation of 

ROS, for aPDT, toluidine blue O (TBO)-mediated aPDT has demonstrated biofilm-

eradication or a substantial reduction of cariogenic species 469. TBO can penetrate easily 

through the bacterial membrane as it has a transmembrane permeability coefficient higher 

than other photosensitizing solutions, a fact that possibly makes TBO more effective in 

bacterial destruction 319. On the other hand, the amount of ROS generated by a 



179 

 

photoactivated photosensitizer is correlated to the absorbed light energy. Therefore, 

applying the appropriate light parameters such as wavelength and energy dose (irradiation 

time × power) can affect the dosimetry of aPDT 470. 

The extent to which aPTD dosimetry influences the bacterial reduction of caries-

related biofilm is observed in conflicting outcomes in the literature 471. Some studies 

display robust bacterial reduction for S. mutans and Lactobacillus casei growth in vitro 472, 

in situ 473, and in vivo 42,43, while others show limited effectiveness against cariogenic 

biofilms 474,475. These contradictory outcomes are mainly due to the use of different 

parameters related to the concentration of TBO, the dose of light energy, and the incubation 

time before irradiation.  

Determining the optimal parameters to target dental biofilms will ensure that the 

targeted areas inside the mouth are given appropriate doses to kill pathogens, limit over-

treatment, and prevent side-effects. From an intent-to-treat perspective, dosimetry is 

undoubtedly a critical issue for high efficacy and patient safety in aPDT 42,466. The lack of 

optimal parameters can opposite the use of aPDT in dental biofilm control as the treatment 

is associated with unpredictable response rates or a failure to archive clinically acceptable 

parameters. 

Accordingly, this study aims to evaluate the most effective, feasible, and 

biocompatible concentration, light energy dose, and incubation time to target a 48 h S. 

mutans biofilm using TBO and a narrow-band red light-emitting diode for aPDT.  
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Figure 5.1. (A) Scanning electron microscopy image illustrating the 3D complex structure 

of S. mutans biofilms; (B) intra-oral photograph illustrating the clinical application of 

antimicrobial photodynamic therapy (aPDT) to target biofilm growth at the proximal 

surface of the permanent first molar; (C) a schematic drawing showing the methodological 

design of the study. S. mutans biofilm was grown for 48 h, and then irradiated with different 

concentrations, different energy doses, and different incubation time using LED light 

source and TBO as a photosensitizer. 

 

Materials and Methods  

Photosensitizer TBO and Light-Emitting Diode (LED) 

The photosensitizer TBO (#T3260, Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in deionized water, filtered, and stored in the dark. TBO has the following 
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chemical formula; (C6H4(CH3)NH2)2 (the C.A.S. no. 92-31-9) as it is illustrated in Figure 

5.2A,B. It presents a molar mass of 305.83 g/mol. The TBO absorption peaks (594 and 632 

nm) were assessed via ultraviolet-visible optical absorption spectrometry (SpectraMax M5, 

Molecular Devices, Sunnyvale, CA, USA). The TBO spectrum also was captured by 

Fourier-transform infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo Fisher Scientific, 

Waltham, MA, USA).  

The light source selected in this study was a light-emitting diode (LED; photo-

activated disinfection (PADLight-F3WW, Beijing, China). This light source has a narrow 

spectrum emission ranging from 664 to 670 nm and a predominant wavelength at 667 nm. 

The LED light has a cylindrical tip with a diameter of 6.0 mm to distribute the light. 

Irradiation was performed in a non-contact mode with a diffused beam at 2.0 mm working 

distance. A power meter Lasermate (Coherent Inc., Santa Clara, CA, USA) was used to 

measure the peak power. The maximum output power of 180 mW at 2 mm distance was 

determined. The red LED’s fluorescence emission spectrum was investigated using a light 

spectrometer (Thorlabs Inc., Newton, NJ, USA). 

The surface area of the LED tip was calculated as 0.302 cm2 ( 𝐴 = 𝜋𝑟2).. Three 

energy density doses (36, 108, and 180 J/cm2 with a respective irradiation time of 1, 3, and 

5 min) were calculated based on the following equation: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝐽

𝑐𝑚2
) = 𝐹𝑙𝑢𝑒𝑛𝑐𝑦 =

𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑊) 𝑥 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐) 

𝐴 (𝑐𝑚2)
  

Where power density is:  

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑊)

𝐴 (𝑐𝑚2)
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Light and Dark Cell Cytotoxicity Assay  

The cytotoxicity of TBO was examined via MTT colorimetric assay, as previously 

described 476, with minor modification. At a density of 10,000 cells/well, RAW 264.7 

mouse monocyte-macrophage cells (ATCC® TIB-71TM) were seeded in a 24-well culture 

plate containing Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific, 

Inc., Waltham, MA, USA) and supplemented with 10% fetal bovine serum (FBS; Thermo 

Fisher Scientific, Inc., Waltham, MA, USA), 100 µg/mL penicillin, and 100 µg/mL 

streptomycin. 

On the following day, different concentrations of TBO (50, 100, 150, 200 µg/mL 

dissolved in sterile water) were added, and the wells were either kept in the dark (dark 

cytotoxicity) or exposed to indoor room light (light cytotoxicity) for 48 h (n = 4). Then, the 

old stained cell medium was aspirated, the cells were washed with phosphate-buffered 

saline (PBS), and a new fresh medium was added. The number of viable cells was 

quantified using MTT colorimetric assay by the cleavage of tetrazolium salts. 3-(4-5-

dimethlthiazol-2-yl) 2-5-diphenyl tetrazolium bromide (MTT) salt was added to each well 

and incubated for 3 h at 37 °C to form the blue formazan. The chemical reaction was 

stopped by adding MTT solubilization solution, and the absorbance was measured at 570 

nm via a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). 

 

S. mutans Biofilm Model 

S. mutans UA159 obtained from the American Type Culture Collection (A.T.C.C., 

Manassas, VA, USA) was cultured overnight in brain heart infusion (BHI) broth (Sigma-

Aldrich, St. Louis, MO, USA.) at 37 °C and 5% CO2 incubator. The S. mutans culture was 
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adjusted to 1 × 108 colony-forming units (CFU)/mL (OD600 = 0.9)189 and diluted 1:20 with 

a fresh BHI broth supplemented with 2% sucrose. Each well of a black 96-well plate with 

a clear bottom received 200 µL of the inoculum and was incubated for 24 h at 37 °C in a 5 

% CO2 incubator. Media was changed after 24 h, and 48 h incubation was continued. After 

48 h, planktonic bacteria were aspirated and removed, and each well was washed gently 

with sterile saline 0.9%, and the attached biofilm was kept 477. 

 

In Vitro Photosensitization of S. mutans Biofilms for Optimization of the Dosimetry 

The following parameters were investigated during the in vitro photosensitization: 

(1) TBO concentrations at three levels: 50, 100, and 150 µg/mL and (2) energy density at 

three levels: 36, 108, and 180 (Watts × second)/cm2 (Figure 5.1A). After determining the 

most effective concentration and energy density, the incubation time (pre-irradiation time) 

was investigated at three levels 1, 3, and 5 min considering only one concentration, 100 

µg/mL. 

Briefly, the biofilms were treated with the addition of 50 µL of 0.9% saline only 

(control) or TBO solution (photosensitizer) at prescreened concentrations of 50, 100, 150 

µg/mL followed by the selected LED irradiation doses (aPDT treatment). Next, 50 µL of 

the photosensitizer solution was added to wells in which photosensitizer was tested alone 

to investigate their effect against the biofilm independently. Wells that were exposed to 

light without photosensitizer also served as control. Next, the experiment sets were 

repeated to investigate the preselected incubation times (1, 3, and 5 min prior to 

irradiation). 
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CFU Counting Assay  

After treatment, the biofilms were removed and resuspended with 0.9% saline 

solution. Subsequently, the suspension was serially diluted (1:10, 1:100, 1:1000, 1:10,000, 

and 1:100,000) with 0.9% saline solution. Samples were plated in triplicate on B.H.I. agar 

and incubated for 48 h at 37 °C in a 5% CO2 incubator. Colonies of S. mutans were counted 

using a colony counter.  

 

Live/Dead Staining of Biofilms  

Random samples of 2-day biofilms treated via aPDT (100 µg/mL) and respective 

controls were washed with 0.9% saline and then stained with the BacLight live/dead kit 

(Molecular Probes, Eugene, OR, USA). A mixture of 2.5 µM SYTO 9 and 2.5 µM 

propidium iodide at a ratio of 1:1 was used to stain the wells for 10 min 208. The green 

fluorescence of SYTO9 indicates the presence of viable S. mutans. The compromised S. 

mutans biofilms were indicated by red fluorescence. The images were taken using an 

inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA).   

 

Statistical Analysis  

Shapiro–Wilk test was used to evaluate the data normality and distribution. Then, 

two-way ANOVA and Tukey’s post hoc test were used to analyze the effect of TBO 

concentration and energy density on biofilm inhibition. For the cytotoxicity and the effect 

of the incubation time, one-way ANOVA and Tukey’s post hoc test were used. All tests 

were conducted using the statistical software package Sigma Plot 12.0 (S.Y.S.T.A.T., 

Chicago, IL, USA), and the statistical significance was set at p < 0.05. 
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Results 

Spectra of TBO and LED. 

Figure 5.2A and B display the skeletal structure and the 3D chemical molecular 

structure of TBO. The skeletal chemical structure presents sulfur and secondary amine in 

the middle, primary amine, and methyl group at one side, and quaternary amine at the 

opposing side. In Figure 5.2C, the TBO absorption spectrum and the LED emission 

spectrum are displayed. The TBO presents an absorption band between 550-650 with two 

different peaks at 594 and 632 nm. The emission spectrum peak of the LED source was 

667 ± 3 nm, which was overlapped with the peak absorbance of TBO. Figure 5.2D 

illustrates the FTIR spectrum of the TBO absorbance. The aromatic ring's band of the TBO 

(≈1,600 cm-1) can be observed. Also, the N-H stretch band due to the presence of the 

primary amine (≈3,340 cm-1) is shown.  
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Figure 5.2. (A,B) The skeletal structure and the 3D chemical molecular structure of TBO. 

The absorption spectrum of TBO and the maximum peaks absorption at 594 and 632 nm 

overlapping with the LED spectrum. (D) Fingerprint regions of ATR-FTIR spectrum for 

TBO.  

 

2.2. TBO Cytotoxicity 

Figure 5.3 shows the cytotoxicity of the TBO photosensitizer against the 

macrophage cell line (n = 4). Using TBO concentrations of 50 and 100 μg/mL, either in 

light or dark, was associated with viability higher than 70%. Using TBO concentrations of 
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150 and 200 μg/mL resulted in a significant cytotoxicity compared to the control (p < 0.05; 

power of analysis = 100%). 

 

Figure 5.3. (A) Illustrative images displaying the macrophages’ differentiation into 

elongated finger-like and round cells are the normal differentiation of this cell line. The 

cytotoxicity of different concentrations of TBO exposed to light (B) and in the dark (C). 

Values indicated by different letters are statistically different from each other (* p < 0.05). 

 

TBO Determining Parameters and S. mutans Photoinactivation  

Figure 5.4A displays the log reduction (mean and standard) of S. mutans biofilm (n 

= 9) achieved by each treatment considering the TBO concentration and energy density. 



188 

 

The log values ranged from 7.24 to 3.74, with the highest value for the biofilms treated 

with 150 µL and 180 J/cm2 and the lowest for the control group with no treatment.  

 

TBO Determining Parameters and S. mutans Photoinactivation  

Figure 5.4A displays the log reduction (mean and standard) of S. mutans biofilm (n 

= 9) achieved by each treatment considering the TBO concentration and energy density. 

The log values ranged from 7.24 to 3.74, with the highest value for the biofilms treated 

with 150 μL and 180 J/cm2 and the lowest for the control group with no treatment. 

 

Figure 5.4. (A) The effect of different TBO concentrations and LED light energy doses on 

S. mutans biofilm. Values indicated by different letters are statistically different from each 

other (p < 0.05). The design of the experiment is illustrated in (B–E). The biofilm was 

grown for 48 h (B). The media was aspirated (C). Then, TBO was applied (D) and 

irradiated via the LED light source (E). 
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The two-way ANOVA analysis showed that both TBO concentration and energy 

density dose were significantly determinant factors in increasing the effectiveness of aPDT 

(p < 0.001). A significant interaction was observed between the TBO concentration and 

energy density dose concerning the aPDT effect (p < 0.001). No significant difference was 

found between wells with no treatment (7.24 ± 0.30) and wells treated with light irradiation 

for 5 min or TBO incubation for 5 min without irradiation (p > 0.05; power of analysis = 

100%).  

The inhibition of 1–3.5-log was observed compared to the control groups in a dose-

dependent manner. In comparison to control, the log reduction on S. mutans biofilm at the 

energy density of 36 J/cm2 was approximately 1-log (p < 0.05), regardless of the used 

concentrations. When the energy density was increased up to 108 J/cm2, significant 

inhibition of 1.5–2.5-log was observed compared to the control groups in a dose-dependent 

manner, as increasing the concentration was associated with more inhibition (p < 0.05). 

Three and 3.5-log reductions were achieved when 100 and 150 μg/mL of TBO, 

respectively, were activated with 180 J/cm2 energy density compared to the control (p < 

0.05; power of analysis = 100%).  

Figure 5.5A demonstrates the effect of increasing the TBO incubation time before 

irradiation on the S. mutans biofilm inhibition (n = 9). The energy density of 180 J/cm2 was 

used with 100 μg/mL of TBO. Increasing the incubation time from 1 to 3 or 5 min did not 

result in an increased antibacterial effect (p > 0.05). 
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Figure 5.5. The effect of different incubation times on S. mutans biofilm using 100 µg/mL 

of TBO (A). Values indicated by different letters are statistically different from each other 

(p<0.05). Live/dead images for the S. mutans biofilm following no treatment (B), 5 min of 

TBO incubation with no light activation (C), light activation only without TBO (D), and 

aPDT treatment with different light energy doses using 100 µg/mL of TBO (E–G). 
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Live/Dead Assays for the S. mutans Biofilm  

Figure 5.5B–G displays the live/dead images for different wells (n = 3). Untreated 

wells (control) and wells were treated with only LED or TBO with no aPDT were 

associated with a considerable amount of viable S. mutans colonies indicated by the green 

color (Figure 5.5B–D). However, following the aPDT treatment using different energy 

density doses with 100 µg/mL of TBO, dead, and compromised colonies indicated in the 

red color were observed (Figure 5.5E–G). More dead colonies were seen as the energy 

density dose was increased from 36 to 180 J/cm2 . 

 

Discussion 

Antibacterial photodynamic is an attractive anti-biofilm strategy against cariogenic 

biofilms 478. However, the application of aPDT for biofilm control is highly dependent on 

dosimetric parameters. Light energy (fluence), photosensitizer concentration, and 

incubation time interactions were investigated as determinants to predict treatment 

effectiveness. In our study, TBO was selected as a photosensitizer due to its in vitro 

efficiency, low toxicity to human cells, high rate of ROS generation, and excellent 

versatility regarding its large band of absorption, which allowed activation by many light 

sources 472. TBO belongs to the non-porphyrin, phenothiazinium photosensitizers family 

479. This family of photosensitizers can selectively aim and accumulate inside the 

mitochondria, compromising the targeted cells 479. 

To ensure the TBO biocompatibility with maximum bacterial reduction, different 

TBO concentrations were investigated. The most commonly reported TBO concentration 
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in the literature to convey high aPDT efficiency against dental biofilms is 100 µg/mL 

43,472,474,480. Therefore, a range of TBO concentrations from 50 to 200 µg/mL were 

investigated. Additionally, from a clinical perspective, high TBO concentrations may 

adversely stain the surrounding tissues during aPDT application, especially in the anterior 

area where the esthetic is important. We report dark toxicity of TBO at 150 and 200 µg/mL, 

concentrations that also induce similar light toxicity. A high DNA fragmentation after 

aPDT with TBO at high concentration pointed out that apoptosis is the preferential mode 

of cell death involved under these conditions 481. The imperative cytotoxic effect of TBO 

up to 100 µg/mL with a decrease of less than 40% in optical density suggests that an even 

lower concentration could be used for aPDT.  

As a mandatory step for aPDT, the irradiation of photosensitizers (PS) is considered 

one of the main determinants for a robust bacterial reduction outcome. Here, we used an 

LED light source and not a laser to investigate the effect of different energy doses. Most 

studies investigating the antibacterial effect of TBO-mediated aPDT against cariogenic 

pathogen employed LED as it produces a low power output, which is beneficial to not 

causing damage to adjacent tissues, and reduced cost compared to red lasers 43,472,481. 

Another factor favoring LED use is its classification as non-coherent light presetting an 

amplitude in emitted light waves 482. The LED chosen for this study presents a bandgap of 

8 nm that overlaps the absorption band of TBO. The selected range of energy from 36, 108, 

and 180 J/cm2 was also calculated considering the LED parameters and irradiation periods 

congruent with several previous reports in the literature.  

Our series of investigations on the range of different energy density doses found 

higher S. mutans biofilm inhibition associated with increasing the energy dose. With aPDT 
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at 36 J/cm2 (corresponding to 1 min irradiation time), the treatment has delivered a 

significant log10 reduction in relation to control; but the increase of TBO concentration was 

not relevant. The lack of enhancement of the bacterial reduction outcomes may be 

attributed to insufficient energy to excite the cells’ photosensitizer uptake even at the 

highest concentration. 

On the other hand, when the energy dose is triplicate and delivered at 108 J/cm2 , 

the TBO concentration started to play a critical role in the bacterial reduction. Increasing 

the TBO concentration was relevant to reach a greater log10 reduction. With aPDT applying 

180 J/cm2, bacterial reduction follows a similar trend to that observed with 108 J/cm2. The 

TBO concentrations of 100 and 150 µg/mL combined with 180 J/cm2 delivered in 5 min 

of irradiation promoted 3 and 3.5-log bacterial reduction, respectively. Herein, the 

irradiation time was not increased to more than 5 min as it may carry physical hazards to 

the operator482  such as generating non-ionizing radiation by the LED, increasing the risk 

of heating the dental pulp 483, and imparting discomfort to the patient with a long period of 

operation time.  

Another parameter frequently reported with high variability is the incubation time 

483. The incubation time represents the period where the TBO remains in contact with the 

S. mutans biofilm before irradiation. During this period, the TBO may bind to the plasma 

membrane and/or penetrate the bacterial cells. Here, we investigated the three most 

commonly reported periods for TBO incubation, 1, 3, and 5 min 470, associated with our 

most efficient and biocompatible parameters (180 J/cm2; TBO at 100 µg/mL). It was shown 

in this study that increasing the incubation time had no direct effect on aPDT outcomes. 

Likewise, previous reports have shown no expressive effect of the incubation time on the 
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bacterial reduction of cariogenic biofilms 483,484. Although we aim to shorten the incubation 

time for practicality, further investigations are needed to explore other approaches to 

enhance the TBO penetration through the cariogenic biofilm.  

As limitations, while we can attest to the robust effect of aPDT on cariogenic 

pathogens in vitro, some drawbacks encountered in clinical situations may compromise the 

effect in vivo. For instance, well-described environmental stress factors present in vivo 

conditions activate the biofilm mode of growth, such as frequency and amount of sugar 

intake, sublethal doses of antimicrobials, nutrient shortage, and inflammatory response or 

impaired availability of O2 on some deep layers of mature biofilms 485,486. As a result, 

agents demonstrating suitable antibacterial activities against mono-species biofilm may 

face difficulties to exert similar action against multispecies biofilms. Moreover, the 

propagation of light to the infection site could be hampered by local factors such as 

interproximal spaces, where the tooth–material interface is prone to biofilm accumulation, 

and the potential inactivation of ROS by saliva and gingival crevicular fluid should be 

taken into account 486,487.  

The reported outcomes are not surprising but critical for TBO-mediated aPDT 

targeting caries-related biofilms. In most studies, the determining parameters are not 

reported or only performed to support other assays. Investigators, then, feel the need to 

start a set of experiments to define a start point for their experiments. By utilizing 

determining parameters, the aPDT performance can be further investigated in future 

studies, and other influencing factors can also be considered.  

Finally, in light of our observations, we suggest that the dosimetry is based on 

incubation time of 1 min; TBO concentration at 100 µg/mL; energy dose of 180 J/cm2 
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delivered over 5 min irradiation might be effective and safe for photo-killing of caries-

related biofilms. Future studies should support investigations on new approaches to 

improve or overcome the constraints of opportunities offered by photodynamic inactivation 

of caries-related biofilms when the maximum bacterial reduction is not reached. 

Collectively, our data support the selection of primary determinants on the 

inactivation of S. mutans biofilms. Increasing the concentration of TBO and light energy 

dose was associated with increased biofilm inhibition. Increasing the incubation time was 

not associated with an increased antibacterial effect. The highest amount of biofilm 

inhibition with acceptable biocompatibility was achieved using 100 µg/mL of TBO 

activated by 180 J/cm2 energy dose. Future studies may consider investigating strategies to 

improve aPDT performance without manipulating the determinants related to dosimetry. 
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Section 2 & 3. Magnetic-responsive Photosensitizer Nanoplatform for Optimized 

Inactivation of Dental Caries-related Biofilms: Technology Development and Proof 

of Principle 

 

Introduction  

Biofilm control within the complexity of the intraoral environment is a challenging 

task 488. The continuing rise in antibiotic resistance, the ongoing problem with patient 

compliance, and the difficulty in eradicating biofilms demand the use of combinatorial 

strategies 489. Biofilm formation is an important virulence mechanism of oral pathogens 

490. Oral dysbiotic biofilms trigger major oral diseases, such as dental caries, periodontitis, 

and endodontic infections 491. Caries-related pathogens can secrete a mixture of 

polysaccharides to construct and maintain a structured multicellular bacterial community 

into biofilm to survive and grow 492. The extracellular matrix resists antimicrobial agents 

from reaching targeted microbial cells by diffusion limitation. This barrier for tolerance 

against antimicrobial agents had been increasingly recognized 493,494. 

Antimicrobial photodynamic therapy (aPDT) is a promising adjunctive method for 

modulating pathogenic oral biofilms that is well supported by a plethora of literature 494–

497.  aPDT uses non-toxic dyes called photosensitizers (PS) that can be excited by harmless 

visible light to produce cytotoxic reactive oxygen species (ROS) 492. aPDT involves a 

multi-stage process including topical PS administration, light irradiation, and interaction 

of the excited state with the surrounding oxygen 43. For oral biofilm-associated diseases, 

especially dental caries, the antimicrobial PS based on cationic phenothiazine dye, 

toluidine blue O (TBO), has been well studied and mediated expressive photodynamic 
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results 498,499. However, some difficulties still need to be improved in aPDT, such as 

specific targeting and biological compatibility. 

Clinically, aPDT performance is confined to subsidiary outcomes without clinically 

relevant reduction greater than 3-log (>99.9%) 498,500,501. The conceivable explanations for 

the resistance of biofilms are limited diffusion and limited interaction of antimicrobial 

agents through the biofilm, altered levels of metabolic activity within the biofilm, and 

genetic adaptation 492. The transport and infiltration of the photosensitizer into the biofilm 

core structure is an essential step in optimizing the aPDT performance 468.  

Several antibiofilm strategies have been explored to modulate biofilm formation 

and development 29. Targeting strategies to break the biofilm barrier or enhance the 

infiltration of antibacterial agents are being increasingly explored. Therefore, the rational 

design of photosensitizer-based nanoplatforms to overcome the above key obstacles for 

achieving potent aPDT is of great significance for managing oral infections. However, until 

now, the antibacterial performance of a magnetic-responsive photosensitizer-based 

nanoplatform on dental caries-related pathogens has not been thoroughly investigated. 

Herein, we designed a photosensitizer-based nanoplatform, which could achieve 

enhanced antibacterial effect via association with iron oxide nanoparticles (Fe2O3) and 

magnetic field navigation. Our nanoplatform (named MagTBO) was constructed by 

assembling TBO and superparamagnetic iron oxide nanoparticles (SPIONS) using a 

"continuous" microemulsion (Figure 5.6). In our nanoplatform, the synthesized 

microemulsions improved the stability, dispersity, and biocompatibility of nanoparticles 

and enhanced the antimicrobial action of the TBO photosensitizer. 
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Moreover, the exposure to external magnetic forces allows the motion of the 

therapeutic agents toward deep sites inside the biofilms502, providing potential disruption 

of the self-produced extracellular polysaccharide biofilm matrix and biofilm reduction. 

This report evaluated the hypothesis that aPDT via the MagTBO nanoplatform, guided by 

magnetic force, can effectively treat biofilms formed by a major pathogen associated with 

dental caries. First, we demonstrate the design, synthesis and chemical stability, and 

characterization of the MagTBO nanoplatform. Next, we demonstrate the effects of the 

new nanoplatform under magnetic field on the viability of human gingival fibroblasts, 

simple S. mutans biofilms, and complex, mature saliva-derived multispecies biofilms 

compared with conventional aPDT. We report here the technology development and proof 

of principle results of preliminary studies to develop MagTBO as a responsive 

photosensitizer platform for oral disinfection that will meet the practical needs required to 

help subside dental caries. 

 

Methods 

Spectra of TBO and LED. The TBO photosensitizer has an absorption peak of 

between 594 and 632 nm, assessed via ultraviolet-visible optical absorption spectrometry 

(SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). The TBO spectrum also was 

assessed using Fourier-transform infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo 

Fisher Scientific, Waltham, MA, USA). A light-emitting diode (LED; photo-activated 

disinfection (PADLight-F3WW, Beijing, China) with a narrow spectrum emission ranging 

from 664 to 670 nm was used for the light activation. The diameter of the LED light tip 

was 6 mm.  A power meter Lasermate (Coherent Inc., Santa Clara, CA, USA) at a 2 mm 
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distance from the LED light tip was used to measure the peak power. The irradiation of 5 

min was associated with an energy density of 180 J/cm2, which was calculated using the 

following equation: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝐽

𝑐𝑚2
) = 𝐹𝑙𝑢𝑒𝑛𝑐𝑦 =

𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑊) 𝑥 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐) 

𝐴 (𝑐𝑚2)
  

Where power density is:  

𝑃𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑊)

𝐴 (𝑐𝑚2)
 

 

Synthesis, Characterization, and Magnetization of the Magnetic 

Nanoparticles. SPIONs were synthesized via chemical co-precipitation as previously 

described by Sun et al.503 Briefly, 10 mL of deionized water was used to dissolve 0.2 g of 

polyglucose-sorbitol-carboxymethyl-ether (PSC). Then, 15 mL of water containing 0.06 g 

of FeCl3 and 0.03 g of FeCl2 was added. The mixture was cooled to 5 ◦C and 1 g of 28% 

ammonium hydroxide was added and stirred for 2 min. Finally, the mixture was heated at 

80 ◦C for 1 h and purified using a 100kDa membrane with five cycles. 

The size and distribution of SPIONs were examined by transmission electron 

microscopy (TEM, FEI Tecnai T20, Hillsboro, OR, USA) with the Software Imaging 

System CCD camera (Gatan UltraScan 1000, Milwaukee, WI, USA). The images were 

captured using 80 kV and magnifications of 26,000× and 42,000×. The samples were 

examined in the microemulsion form. ImageJ software was applied to measure the size of 

the nanoparticles. The histogram illustrated the size distribution using Sigma Plot software 

(SYSTAT, Chicago, IL, USA). A semi-analytical solution with 98% accuracy 

(Ortner2020SoftwareX, Furlani1994IEEE) was used to calculate the magnetic fields. The 
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calculation used a neodymium magnet in a cylindric shape and a diameter of 10 mm, length 

of 30 mm, and T1 magnetic B-field strength. A Fe2O3 nanoparticle with an average 

diameter of 8.4 nm was chosen and treated as magnetic dipoles in the calculation. The 

magnetic dipole moment of the nanoparticle was derived from magnetization curves. 

Cell Cytotoxicity Assay. Human gingival fibroblasts (HGF, ScienCell, San Diego, 

CA, USA) were cultured using fibroblast medium (FM) supplemented with 2 % fetal 

bovine serum, 1% fibroblast growth supplement, 100 IU/mL penicillin, and 100 IU/mL 

streptomycin 504. When the viability of the cells was above 90%, the cells were seeded in 

the wells of a 96-well plate (5,000 cells per well) and incubated for 24 h. In the following 

day, the medium was removed, and different concentrations of SPIONs (0.25, 0.5, 1, 1.5, 

2, 2.5, and 5 wt.%) nanoparticles with and without 100 µg/mL of TBO photosensitizer 

were dissolved in the FM and incubated in contact with the cells for 24 h. The synthesized 

microemulsions containing the different concentrations of SPIONs (0.25, 0.5, 1, 1.5, 2, 2.5, 

and 5 wt.%) were also tested. All the microemulsions were diluted with the FM at a 1:1 

ratio. After 24 h of incubation at 37 °C with 5 % CO2, the cells were washed with 

phosphate-buffered saline (PBS), and cell counting Kit-8 (CCK-8, Dojindo, Rock-ville, 

MD, USA) was used to evaluate the cell viability. The absorbance was read at 450 nm 

using a spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). 

For the live/dead assay, the fibroblast cells were seeded in the wells of a 24-well plate 

(40,000 cells per well). The medium was changed daily to allow the viability to be above 

90%. Microemulsions containing 5 and 2.5% were added to a fresh culture medium at the 

ratio of 1:1 and incubated with the cells for one day. Wells treated with TBO alone or with 

no treatment were used as controls. After one day of incubation, the old medium was 
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removed, cells were washed with PBS, and LIVE/DEADTM Cell Imaging Kit (Invitrogen, 

Frederick, MD, USA) was used to stain the cells. The cells were visualized using an 

inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA). 

Optimization and Evaluation of MagTPO Microemulsions. Three 

microemulsions were selected for further investigations (1, 2.5, and 5 wt.%). 

Microemulsions were tested for thermodynamic stability via centrifugation stress at 5,000 

rpm for 2 h at 4 °C, and freeze-thaw stress consisting of three complete cycles. Each cycle 

consisted of placing the microemulsion for 24 h at −20 °C followed by another 24 h at 4 

°C. The microemulsions were observed for any physical changes of phase separation 505,506. 

For the long-term stability, microemulsions were kept in the dark at room temperature and 

then examined at 1, 3, and 6 months for physical changes or phase separation 507,508. The 

pH of the synthesized microemulsions was tested using a digital pH meter (accuracy ± 5%; 

Accumet XL25, Thermo Fisher Scientific, Waltham, MA, USA). Before the pH 

measurement, the pH meter was calibrated using commercial standard buffer solutions of 

pH 4, pH 7, and pH 10 at room temperature. For the absorbance evaluation, the upper third 

of the synthesized microemulsions was investigated over time using ultraviolet-visible 

optical absorption spectrometry (SpectraMax M5, Molecular Devices, Sunnyvale, CA, 

USA). A large change in the absorbance value indicates that the microemulsion may suffer 

from unbalanced distribution of the nanoparticles or some physical changes. The density 

of each microemulsion was calculated following the equation: 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀𝑎𝑠𝑠 

𝑉𝑜𝑙𝑢𝑚𝑒
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Photodynamic treatment via MagTBO against S. mutans Biofilms. S. 

mutans UA159 obtained from the American Type Culture Collection (ATCC, Manassas, 

VA, USA) was grown overnight using brain heart infusion (BHI) broth (Sigma-Aldrich, 

St. Louis, MO, USA) at 37 °C and 5% CO2 incubator. The optical density of the S. mutans 

was modified to 1 × 108 colony-forming units (CFU)/mL (OD600 = 0.9) and diluted 1:20 

with BHI broth supplemented with 2% of sucrose 499. 200 µL of the diluted overnight 

culture was placed inside the wells of a black 96-well plate for 24 h. The media was 

changed after 24, and 48 h of biofilm growth was continued. The biofilm was washed with 

0.9% saline and irradiated with 40 µL of TBO (100 µg/mL), and MagTBO microemulsions 

containing 1, 2.5, and 5% of SPIONs with and without magnetic field (neodymium magnet; 

pull force = 60lbs). The TBO or the microemulsions were left for 1 min and then irradiated 

for 5 minutes to deliver an energy density of 180 J/cm2 and light intensity of 180 mW. The 

magnetic field was applied at a 10 mm distance below the biofilm during the entire period 

of the incubation and irradiation times. Untreated wells and wells treated with glycerol, 

essential oil, and polysorbate 20 were used as controls. 

After each treatment, the biofilms were washed by placing 200 µL of 0.9% saline 

inside the well, and then, the 0.9% saline was gently aspirated. Another 200 µL of saline 

was placed inside the well, and the biofilm was gently scraped to remove the biofilm cells 

509. Then, the biofilm cells were resuspended with the saline to perform serial dilutions 

(1:10, 1:100, 1:1000, 1:10,000, and 1:100,000) using BHI agar. The BHI agar plates were 

incubated for 48 h at 37 °C in a 5% CO2 incubator and then counted using a colony counter. 

Considering the dilution factor, the CFUs/mL were calculated and estimated to measure 

the number of colonies per mL. Two wells were randomly selected for Live/Dead staining 
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of the biofilms to be washed with 0.9% saline and then stained with the BacLight live/dead 

kit (Molecular Probes, Eugene, OR, USA). A combination of 2.5 μM SYTO 9 and 2.5 μM 

propidium iodide at a ratio of 1:1 was created to treat the cells for 10 minutes and observed 

using an inverted epifluorescence microscope (Eclipse TE2000-S, Nikon, Melville, NY, 

USA). 

Scanning Electron Microscopy (SEM) Imaging of the S. mutans biofilms. To 

investigate the effect of the MagTBO microemulsion against the biofilm load and 

morphology, the 2.5% MagTBO effect against a 48-h S. mutans biofilms was further 

analyzed using Scanning Electron Microscope (SEM). S. mutans biofilms were grown over 

borosilicate glass slabs (VWR, Radnor, PA, USA) for 48 h. Then, the biofilms were washed 

with PBS and and fixed using 3% formaldehyde. On the following day, the biofilms were 

dried using ethanol dilutions followed by 100% hexamethyldisilazane. The biofilms were 

then sputter-coated with platinum and capture using SEM (Quanta 200, FEI Company, 

Hillsboro, OR, USA). 

Photodynamic treatment with MagTBO against saliva-derived biofilms. Saliva 

samples were collected from ten healthy individuals with no active carious lesions or 

history of antibiotics in the last three months. The participants were instructed not to brush 

their teeth 24 h and not to eat or drink two h before the collection. The collected saliva 

samples were mixed to create a homogenous and complex bacterial composition. The use 

of saliva as inoculum was approved by the University of Maryland Baltimore Institutional 

Review Board (HP-00050407). The collected saliva was mixed with glycerol (70:30) and 

stored at −80 °C. This model was used in previous studies to form thick and mature 

multispecies biofilm 510–512.  
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Dentin slabs (6 × 6 × 1 mm) were used as substrates to grow the biofilm. The slabs 

were prepared from radicular dentin of extracted teeth using a diamond saw with water as 

coolant (Isomet, Buehler, Lake Bluff, IL, USA). The collection and the use of extracted 

teeth was approved by the University of Maryland Baltimore Institutional Review Board 

((#HP-00,079,029). The slabs were polished using sandpapers with the grit of #600, 1200, 

2400, and 4000, consecutively, then screened based on their Vicker’s microhardness value. 

The microhardness of the slabs was measured via Vicker’s indentation (HMV II, Shimadzu 

Corporation, Kyoto, Japan) by calculating the average of five different indentations (25 g 

load for 10 s 513) per slab. Slabs with a microhardness mean variation of more than 15% 

compared to the microhardness mean of all slabs were excluded.   

To initiate the saliva-derived biofilms, the saliva-glycerol stock was mixed with 

McBain artificial saliva (1:50) and placed inside the wells of a 24-well plate containing the 

dentin slabs. The components of the McBain growth medium were as the following: mucin 

(Type II, porcine, gastric), 2.5 g/L; bacteriological peptone, 2.0 g/L; tryptone, 2.0 g/L; yeast 

extract,1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 g/L; 50 mM pipes,15 g/L; hemin, 

0.001 g/L; vitamin K1, 0.0002 g/L, at pH 7 514, and 0.2% of sucrose. Each dentin slab was 

immersed with 1.5 mL of the inoculum. The growth medium was replaced after 8 and 24 

h, and then daily till seven days of biofilm growth. Later, the dentin slabs were subjected 

to aPDT treatment via 40 µL of TBO (100 µg/mL), 2.5% MagTBO, 2.5% MagTBO with 

the magnetic field, and control with no treatment. The slabs were transferred to a vial 

containing 1 mL CPW solution and the biofilms were harvested by vertexing and 

sonication. The following agar plates were prepared to enumerate the grown species: 

a. Tryptic soy blood agar to count the total microorganisms. 
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b. Mitis salivarius agar (MSA) supplemented with potassium tellurite to count the 

total streptococci.  

c. MSA supplemented with potassium tellurite and 0.2 units of bacitracin per mL 

to count mutans streptococci. 

d. Rogosa agar to count the total lactobacilli.  

The bacterial suspensions were serially diluted and plated in the agar plates and 

incubated for 48 h at 37 °C in 5% CO2, except for the rogosa plates where the incubation 

was continued for 4 to 5-day. 

Dentin surface microhardness following the 7-day saliva-derived biofilms.  

After biofilm collection, the Vicker’s microhardness of dentin slabs was assessed as 

previously described 207. The amount of microhardness reduction was measured in 

percentage (%) as:  

𝐷𝑒𝑛𝑡𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑖𝑐𝑟𝑜ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑙𝑜𝑠𝑠 (%)

=
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑎𝑡 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝐵𝑖𝑜𝑓𝑖𝑙𝑚 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑎𝑡 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
  

× 100 

Confocal Fluorescence & Scanning Electron Microscopy (SEM) Imaging of 

the saliva-derived biofilms. The saliva-derived biofilm was initiated over dentin slabs, as 

described in the previous section. The dentin slabs were subjected to aPDT treatment via 

100 µg/mL of TBO, 2.5% MagTBO, 2.5% MagTBO with the magnetic field, and control 

with no treatment. Then, the dentin slabs were prepared for confocal microscopy and SEM 

as explained with the S. mutans biofilms. 

Statistical Analysis. Shapiro–Wilk test was used to evaluate the data normality and 

distribution. Then, one-way ANOVA was used to evaluate the cytotoxicity of the 
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microemulsions, and two-way ANOVA and Tukey’s post hoc tests were used to analyze 

the effect of the magnetic nanoparticles and the effect of the magnetic field against the 

biofilms. All tests were conducted using the statistical software package Sigma Plot 12.0 

(SYSTAT, Chicago, IL, USA), and the statistical significance was set at p < 0.05. 

 

Results and Discussion 

Preparation of MagTBO Nanoplatform via Microemulsion.  MagTBO 

microemulsions were synthesized using a high ultrasonication method 505,506. 100 μg/mL 

of TBO (#T3260, Sigma-Aldrich, St. Louis, MO, USA) and different mass fractions of Fe3 

O4 nanoparticles (0.25, 0.5, 1, 1.5, 2, 2.5, and 5 wt.%) were added to a mixture of distilled 

water, eucalyptus oil (Spectrum, New Brunswick, NJ, USA), polysorbate 20 

(AmericanBio, Canton, MA, USA), and glycerol. An ultrasonic cell disruptor with an 

ultrasonication intensity of 40% was used to synthesize the microemulsions, as it is shown 

in Figure 5.6A. The sonication was performed for 24 min using multiple cycles of 10-sec 

active sonication and 2-sec rest. Despite the used concentration of SPIONs, each 

microemulsion contained 40% of polysorbate 20 and glycerol at a ratio of 3:2 as 

surfactants. While the remaining were composed of an equal amount of eucalyptus oil and 

water (Figure 5.6B). 



207 

 

 

Figure 5.6. A schematic draw showing the microemulsions’ synthesis. (A) The high 

ultrasonication method was used to synthesize the microemulsions. (B) The phase diagram 

of the synthesized microemulsions is shown. 40% of the microemulsions were composed 

of surfactants, while the remaining were composed of an equal amount of eucalyptus oil 

and water. The diagram was designed via (learncheme.com). 
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TBO and SPIONs Characterization and Magnetization. Figure 5.7A 

demonstrates the FTIR spectrum of the TBO photosensitizer, which is characterized by the 

aromatic ring’s band (≈1600 cm−1) and the primary amine stretch band (≈3340 cm−1). In 

Figure 5.7B, the absorption band of the TBO between 550 and 650 nm is shown with two 

peaks at 594 and 632 nm. The spectrum of the TBO is overlapped with the spectrum of the 

LED light source. Figure 5.7C illustrates the size distribution of SPIONs, which ranged 

between 4.8 and 12.1 nm with a mean size of 8.15 ± 1.61 nm. The TEM images of SPIONs 

within the microemulsion are shown in Figures 5.7D and 5.7E. The nanoparticles are 

distributed homogeneously within the microemulsion structure. Figure 5.8 shows the 

magnetic behavior of the nanoparticles measured at room temperature. The nanoparticles 

revealed strong magnetization. A mass magnetization M of 57-59 emu/g was observed at 

5,000 - 20000 Oe, close to the reported values (80 emu/g). The magnetic particles would 

experience a magnetic force due to a gradient of applied magnetic fields and move toward 

external magnets. 
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Figure 5.7. (A) The FT-IR spectrum of the TBO photosensitizer showing the fingerprint 

regions. (B) The maximum peak absorption at 594 and 632 nm overlapping with the light-

emitting diode (LED) spectrum. (C) The histogram graph shows the size range of the 

superparamagnetic iron oxide nanoparticles (SPIONs). (D, E) Transmission electron 

microscopy (TEM) images showing the distribution of SPIONs inside the microemulsions. 



210 

 

Figure 5.8B shows the magnetic field with a gradient around one permanent magnet 

with a diameter of 10 mm, length of 30 mm, and magnetic field strength of 1 T. The 

magnetic field is robust, about 932 mT 5 mm away from one pole, and nonuniform (e.g. 

field gradient is about 7.6 mT/mm along the axis direction of the magnet and 5 mm away 

from one pole). When one SPIONs nanoparticle is located near the pole, the SPIONs 

nanoparticle will be magnetized and rotate itself into alignment with the external magnetic 

field. At the same time, the local magnetic field will be distorted, as shown in Figure 5.8C. 

 

Figure 5.8. (A) Magnetization curve of the superparamagnetic iron oxide nanoparticles 

(SPIONs) at room temperature. Microscopic magnetic field around (B) a cylindric magnet 

with 1T (diameter of 10 mm and length of 30 mm) and (C) the cylindric magnet with a 

magnetite nanoparticle locating at 5 mm above the magnet. Blue lines mark the position of 

the magnet. The nanoparticle locates at the center of the marked red region and cannot be 

seen by naked eyes. (D) Zoomed magnetic field of the marked region in (C). 
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Figure 5.8D shows the local magnetic field around a SPIONs nanoparticle 5 mm 

away from one pole. The field above 0.5 mm away from the nanoparticle would increase 

about 10% along the axis direction of the magnet. Under the applied stationary magnetic 

field and local magnetic gradient, a net magnetic force will drag the magnetic nanoparticles 

toward the magnet along the direction of the stronger magnetic field. The calculation 

indicates that the average magnetic force of a SPIONs nanoparticle with an average 

diameter of 8.4 nm is about 6.24 × 10−20 N (44 times higher than its gravity) when it axially 

locates at 5 mm above the magnet. Such strong force will drag the nanoparticle toward the 

magnet efficiently under the magnetic field gradient. The force on individual particles 

would vary with their location in the magnetic field and their magnetization. 

When there are some SPIONs existing around one SPION, the superparamagnetic 

SPIONs would show cooperative magnetophoretic behaviors under our experimental 

conditions.  The permanent magnet and multiple SPIONs will produce low-magnetic 

gradients too, close to that of individual SPION (7.6 T/ m).  The local magnetic gradient is 

much lower than 100T /m.  According to magnetophoretic literature 515,516,  cooperative 

magnetophoresis would occur and SPIONs would aggravate.  The aggravating SPIONs 

would move faster than individual SPIONs discussed above. 

Fibroblast Cells Viability. Figure 5.9A Figure 4A demonstrates the fibroblast cells 

viability treated with different concentrations of SPIONs. All the concentrations (0.25-5%) 

dissolved in distilled water revealed cell viability higher than 70% compared to the control 

with no treatment, except for the 0.25% concentration. A positive dose-dependent response 

is evident as increasing the SPIONs concentration was associated with more cell viability. 

The TBO photosensitizer showed significant toxicity compared to the control. When the 
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magnetic nanoparticles were combined with 100 µg/mL of TBO in distilled water, only the 

5% concentration revealed viability higher than 70%, indicating that increasing the 

SPIONs concentration reduced the cytotoxicity of the TBO.  

Figure 5.9B demonstrates the cytotoxicity of the synthesized microemulsions 

containing 100 µg/mL of TBO and different SPIONs concentrations. Microemulsions 

containing SPIONs with concentrations ranged between 1 and 5% showed cell viability 

higher than 70%. Using the 5% MagTBO microemulsion was associated with cell viability 

higher than 90%. Figures 5.9C-F showed the live/dead images of the fibroblast cells. The 

2.5 and 5% MagTBO microemulsions were associated with a good number of viable cells 

(Figure 5.9D and 5.9E). While using the TBO alone was associated with significantly 

reduced viability (Figure 5.9F). 
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Figure 5.9. (A) The response of the human gingival fibroblasts toward the 

superparamagnetic iron oxide nanoparticles (SPIONs) with and without TBO (mean ± sd; 

n = 9). (B) The response of the human gingival fibroblasts toward MagTBO 

microemulsions at 1:1 ratio (mean ± sd; n = 9). *Asterisks indicate significant differences 

compared to the control (p < 0.05). (C-F) Representatives live/dead images of human 

gingival fibroblasts treated with TBO, 2.5% MagTBO, and 5% MagTBO (n = 3). 
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Encapsulating the TBO inside the microemulsion was also associated with 

improved TBO’s biocompatibility. Our previous report showed that 100 µg/mL of TBO 

did not induce significant toxicity against mouse monocyte-macrophage cells 499. However, 

the results of this study illustrated that TBO alone was very toxic against the human 

gingival fibroblasts, as the percentage of fibroblast viability was 33.4%. We also found that 

the unloaded microemulsion was associated with high cytotoxicity against the cells. This 

observed cytotoxicity could be attributed to the eucalyptus oil within the microemulsion 

formulation. Previous investigations reported the eucalyptus oil’s capability to disrupt 

bacterial membrane 517,518. Therefore, it is highly possible that the contact between 

eucalyptus oil and gingival fibroblasts cells negatively affected the viability of the cells. 

 When the TBO was incorporated inside the microemulsion, the viability increased 

by 1-fold, resulting in more enhanced viability. Such results may encourage higher 

concentrations of TBO within the microemulsions to maximize the antibacterial reduction, 

as increasing the concentration of TBO is associated with an enhanced anti-biofilm effect 

499. Unlike most of the nanoparticles, increasing the SPIONs concentration was associated 

with improved biocompatibility. The possible explanation of such findings may be 

attributed to the capability of SPIONs in conducting an intrinsic peroxidase-like activity 

519,520. Therefore, the cell growth promotion induced by SPIONs could be achieved by 

reducing the intracellular H2O2 
519. Besides, several investigations have shown the positive 

effect of iron in the cell cycle progression 521,522.  

Microemulsion Thermodynamic Stability. Following the fibroblast cells 

viability assay, three microemulsions were selected for further investigations; 1%, 2.5%, 
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and 5% MagTBO microemulsions. Table 1 showed that all the microemulsions passed the 

stress tests as no phase separation was observed. The pH of the microemulsion was very 

low, indicating a highly acidic solution. Using the spectrophotometer to monitor the 

absorbance changes, minor differences were observed at 3 and 6 months. The long-term 

evaluation showed that all the synthesized microemulsions were stable for up to six 

months, whereafter, the microemulsions have started to show some significant physical 

changes. The density of the synthesized microemulsions was slightly increased compared 

to TBO. 

Table 5.1. The thermodynamic stability and the physical properties of the synthesized 

MagTBO microemulsions. 

 TBO 1% MagTBO 2.5% MagTBO 5% MagTBO 

Centrifuge Stress 

Test 
- No Phase Separation No Phase Separation No Phase Separation 

Freeze-Thaw 

Stress Test 
- No Phase Separation No Phase Separation No Phase Separation 

 

pH Measurement 

 

3.19 ± 0.05 

 

3.26 ± 0.11  

 

 3.25 ± 0.15 

 

3.31 ± 0.09 

 

Density (g/mL) 

 

1 

 

1.02 

 

1.07 

 

1.09 

 

 

Absorbance 

change (%) 

 

Baseline 

1-Month 

3-Month 

6-Month 

 

 

 

 

 

 

 

 

- 

No change 

No change 

No change 

 

 

 

 

 

 

 

 

- 

0.24 ± 4.93 

5.25 ± 3.30 

10.29 ± 3.30 

 

 

 

 

 

 

 

 

- 

0.17 ± 4.77 

2.85 ± 3.95 

6.23 ± 3.56 

 

 

 

 

 

 

 

 

- 

0.58 ± 1.94 

8.44 ± 3.47 

13.88 ± 2.70 

 

 

 

Long Term 

Stability 

 

Baseline 

1-Month 

3-Month 

6-Month 

 

 

 

 

- 

- 

- 

- 

 

 

 

 

No Phase Separation 

No Phase Separation 

No Phase Separation 

No Phase Separation 

 

 

 

 

No Phase Separation 

No Phase Separation 

No Phase Separation 

No Phase Separation 

 

 

 

 

No Phase Separation 

No Phase Separation 

No Phase Separation 

No Phase Separation 
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A variety of nanomaterials has been widely investigated to improve the stability 

and efficiency of photosensitizers for aPDT. These approaches involve the use of 

polymeric nanoparticles as a carrier or functionalizing the photosensitizer into metallic 

nanoparticles 523. TBO functionalized into chitosan improved the antibacterial action 

against P. gingivalis, Aggrebacter actinomycetemcomitans 524, and E. faecalis 525. TBO 

conjugated with several nanoparticles such as gold 526 and silver 527 had demonstrated a 

greater antibacterial action compared to the use of TBO alone. Advanced investigations in 

aPDT have also focused on designing and optimizing new systems that maximize the 

photosensitizers’ antibacterial effect and improve their stability and biocompatibility, such 

as nanospheres and emulsions 528.   

In this study, we functionalized the TBO photosensitizer into SPIONs inside 

microemulsions. Microemulsions are metastable colloidal systems with a wide range of 

applications in medicine and pharmacy 529. Due to their feasibility, microemulsions have 

been used extensively to carry therapeutic agents. They are composed of aqueous and 

organic phases that are dispersed in each other and stabilized by surfactants (emulsifiers) 

to control the surface tension between the two phases with a polar head and non-polar tail 

at the oil-water interface 530. Microemulsions’ droplet size ranges from 10 to 100 nm 531, 

with higher thermodynamic stability than nano and macroemulsions, indicating that 

microemulsions are less likely to experience physical changes over time 532. 

The designed microemulsions improve the TBO’s biocompatibility, as was 

demonstrated above. Besides biocompatibility, several advantages can be obtained from 

using microemulsions as a drug delivery approach. Due to their small droplet size, 

microemulsions provide a good surface area to volume ratio concerning the drug’s 
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absorption; thus, improving the bioavailability of the loaded drug 533. Besides, droplet size 

at a small scale increases the resistance of microemulsion against physical changes, 

resulting in better stability than other emulsions 534. Microemulsions can improve the 

solubility of poorly water-soluble substances 535 and enhance the biocompatibility of the 

loaded materials 536. In this study, the synthesized microemulsions demonstrated good 

thermodynamic and long-term stabilities responding to different stress challenges and 

improved the biocompatibility of the TBO photosensitizer. 

Antibiofilm Efficacy of MagTBO Platform into the Photodynamic Process. 

Figure 5.10A demonstrates the S. mutans biofilm response to the core components of the 

synthesized microemulsions, which are glycerol, eucalyptus oil, and polysorbate 20. None 

of the components was associated with any antibacterial effect, indicating that the 

antibacterial effect shown in Figure 5.10C is dependent on the TBO photosensitizer and 

the magnetic nanoparticles. No antibacterial effect was observed when the TBO and the 

synthesized microemulsions were incubated for 5 min without light activation (Figure 

5.10B). However, it was found that using the magnetic field force in microemulsions 

containing only SPIONs without the TBO photosensitizer resulted in a 1-log reduction in 

the S. mutans biofilm (Figure 5.10B). Such finding may suggest that the SPIONs 

movement under the magnetic field can physically injure the bacterial cells.  In Figure 

5.10C, aPDT via TBO alone was associated with 3-log reduction (p= <0.05) against the S. 

mutans biofilm compared to the control (no treatment). Using aPDT and 1% MagTBO 

microemulsion resulted in a similar reduction of 3-log. However, when the magnetic field 

was applied, a 4.5-log reduction was achieved. When the 2.5% and 5% MagTBO 
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microemulsions were photoactivated, a 6-log reduction was observed—applying the 

magnetic field with these two concentrations completely eradicated the bacterial biofilm. 

 

Figure 5.10. The colony-forming units (CFUs) of the core components of the 

microemulsion (A), the MagTBO microemulsions and TBO alone without light activation 

(B), and the MagTBO microemulsions and TBO alone with light activation (C) (mean ± 

sd; n = 9). Values indicated by different letters are statistically different from each other (p 

< 0.05). (D) Brain-heart infusion (BHI) agar showing the Streptococcus mutans colonies. 

The use of the 2.5% and 5% MagTBO microemulsions with magnetic field completely 

eradicated the S. mutans biofilms.  
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Representative agar plates for the control and different treatment protocols are 

shown in Figure 5.10D. Figures 5.11A-H illustrate the live/dead images of the S. mutans 

biofilms subjected to different types of treatment. A high number of viable colonies can be 

observed over the control group (Figure 5.11A). aPDT via TBO alone resulted in a 

significant reduction in the viable microorganisms (Figure 5.11B). Increasing the magnetic 

concentrations from 1% to 5% and applying the magnetic field (Figures 5.11C-H) were 

associated with more dead colonies than the use of TBO alone. The Scanning Electron 

Microscopy (SEM) images illustrated similar findings as applying the magnetic field force 

to the 2.5% MagTBO microemulsion (Figures 5.12D) was associated with the lower load 

of S. mutans colonies over the borosilicate glass surface compared to the other groups. 

Such findings may suggest the benefit of the magnetic field force to damage the biofilm 

structure resulting in more biofilm inhibition physically. 
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Figure 5.11. Representative live/dead staining images of biofilms: (A) control, (B) aPDT 

with TBO alone, (C, D) 1% MagTBO microemulsions with and without magnetic field, 

(E, F) 2.5% MagTBO microemulsions with and without magnetic field, (G, H) 5% 

MagTBO microemulsions with and without magnetic field (n = 3). Live bacteria were 

stained green, and compromised bacteria were stained red. 
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Figure 5.12. Scanning electron microscopy (SEM) images of the S. mutans biofilms grown 

over the borosilicate glass slabs (n=3) with no treatment (A), treated using TBO (B), treated 

using 2.5% MagTBO (C), and treated using 2.5% MagTBO with the magnetic field (D). 

 

 

Reactive oxygen species (ROS) and free radicals in the living cells are kept in 

balance as they are very destructive when produced in high quantity 537. Photosensitizers 

with no light activation cannot generate ROS, allowing aPDT to have high specificity for 

aiming the targeted organs or tissues, one of the main advantages of aPDT 538. When 

photosensitizers at a specific wavelength are activated, a high amount of ROS is induced 

and absorbs the hydrogen found in the cell wall of the targeted cells, which minimizes the 

cells’ wall leading to lysis as a result of the turgor pressure 539. The use of aPDT has gained 

much attention recently due to its ability to eradicate bacterial biofilms without inducing 
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bacterial resistance 540. It has been hypothesized that the photo-oxidative damage induced 

by aPDT is very aggressive against bacterial biofilms. Thus, the surviving microorganisms 

are very week to initiate adaptive mechanisms toward aPDT 541.   

In dentistry, aPDT has been extensively investigated to control several oral 

diseases, including caries, periodontitis, peri-implantitis, and endodontic infections 497. As 

a photosensitizer, TBO is a member of the non-porphyrin phenothiazinium family capable 

of targeting the bacterial membrane and accumulating inside the mitochondria to attack the 

targeted cells 499. TBO has shown a great antibacterial effect against oral pathogens such 

as S. mutans, Enterococcus faecalis, and Porphyromonas gingivalis 528. TBO at the 

concentration of 100 µg/mL is the most frequently used concentration, which explains why 

we chose this concentration in this study. Besides, we previously reported that this 

concentration did not induce significant toxicity against the macrophage cell line, while 

concentrations higher than 100 µg/mL were reported with critical cytotoxicity 499.  

The clinical outcomes concerning using aPDT in vivo have shown limited 

effectiveness of less than 2-log reduction 498,500,501. Several photosensitizers’ drawbacks 

may contribute to that, mainly the hydrophobicity of photosensitizers that may limit their 

penetration through biofilms 542. Besides, photosensitizers are highly susceptible to 

aggregation when mixed with aqueous solution 543 and prone to degradation due to light 

sensitivity and elongated storage 544. As a result, applying nanotechnology to functionalize 

photosensitizers in a design or system that eliminates their drawbacks, improves their 

activity and enhances biocompatibility is a new era in aPDT 536,545. Most of the reported 

studies concerning microemulsions aimed to improve the drug delivery to target cancer 

cells 532. On the other hand, few investigations were conducted to enhance the aPDT 
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outcomes by incorporating photosensitizers into microemulsions to target pathogenic 

microorganisms, such as Candida albicans, Escherichia coli, Staphylococcus aureus 546, 

and Pseudomonas aeruginosa 547. 

To robust the antibacterial activities of the TBO-microemulsion, SPIONs were 

incorporated. Using magnetic nanoparticles is guided by applying a magnetic field force to 

achieve site-directed drug delivery 548. The most commonly used magnetic nanoparticles 

in literature are iron oxide nanoparticles 549. Multiple preclinical and clinical studies have 

shown the capability of magnetic nanoparticles and magnetic fields in improving the 

delivery of anticancer drugs to devastate different types of malignant tumors 550.  

The extensive literature on drug delivery using magnetic nanoparticles in tumors 

therapy may provide several suggestions on how SPIONs and magnetic fields may improve 

therapeutic agents' efficiency against bacterial cells. It has been shown that magnetic 

nanoparticles and magnetic fields may induce destructive heat against the targeted cells, 

inducing apoptosis and cell death 551,552. Besides, magnetic nanoparticles can internalize 

inside the targeted cells allowing the combined therapeutic agents to precisely exert the 

need for intercellular activity 553. It is also highly possible that the magnetic force directs 

the particles to the core of biofilms resulting in severe physical damage to the bacterial 

colonies. To investigate this possibility, we examined the effect of the microemulsion 

containing the SPIONs without the photosensitizer under the magnetic field force (Figure 

5.10B). We found that using microemulsions containing only SPIONs under the magnetic 

field resulted in around 1-log reduction, which is considered minor reduction when 

evaluating the antibacterial properties of dental products. On the contrary, the light 
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activation of the MagTBO microemulsions resulted in a massive biofilm inhibition, 

eradicating the S. mutans biofilm completely (Figure 5.10C).  

In aPDT targeting oral biofilms, encapsulating chlorine e6 (Ce6) and coumarin 6 

(C6) with iron oxide magnetic nanoparticles was associated with significant inhibition of 

4- to 5-log against periodontal pathogens 554. In our study, we combined the microemulsion 

approach and SPIONs to improve the aPDT performance. However, in Figure 5.10C, when 

the CFU of the 1% MagTBO microemulsion with no magnetic force is observed, the 

amount of reduction was equivalent to the use of TBO alone, indicating that microemulsion 

may not positively improve the aPDT antibacterial action.  

On the other hand, adding the magnetic force to the 1% MagTBO microemulsion 

resulted in more significant bacterial reduction than the TBO alone or the 1% MagTBO 

microemulsion with no magnetic force. Besides, increasing the magnetic nanoparticles’ 

concentration was associated with a greater inhibition, and applying the magnetic field 

against biofilms treated with the 2.5% and 5% MagTBO microemulsions completely 

eradicated the biofilms. In Figure 5.10B, incubating the MagTBO microemulsions for 5 

min with no light activation did not show antibacterial effects despite the used 

concentration. However, a dose-dependent antibacterial effect was observed with light 

activation when the SPIONs concentration was increased from 1% to 2.5 and 5%. Such an 

observation could be attributed to the ability of SPIONs to produce a high amount of ROS 

and induce oxidative stress upon radiation 555. It was found that SPIONs subjected to 

irradiation therapy produced more oxidative stress against cancerous cells than non-

irradiated particles 556. It could also be possible that increasing the concentration may 

improve the pharmacodynamics of TBO and be associated with higher adsorption of the 
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TBO inside the targeted cells 557. The data shown in this study may suggest three different 

mechanisms for the potent antibacterial action of the MagTBO microemulsion, (1) ROS 

generation following the light activation of TBO, (2) the oxidative stress induced by 

SPIONs irradiation, and  (3) the physical damage caused by the particles and the magnetic 

field. 

Our results have shown that the massive antibacterial effect was mainly attributed 

to increasing the concentration of SPIONs and applying the magnetic field, but not the use 

of microemulsion. However, the use of microemulsion as a carrier is still advantageous. 

Using the microemulsions could provide more stabilization to the TBO photosensitizer by 

preventing its degradation and aggregation 532. Besides, the small droplet size of the 

microemulsions encapsulating TBO and SPIONs together can allow the TBO 

photosensitizer to be directed to the core of biofilms without being separated from SPIONs 

when the magnetic force is applied. It has also been shown that TBO encapsulated inside 

microemulsion had a greater capability to damage quorum-sensing molecules of the 

bacterial cells 558, eliminating the ability of microorganisms to communicate with each 

other and cooperate to resist external threats 559.  

This study used eucalyptus oil as an organic phase and polysorbate 20 and glycerol 

as surfactants. Several investigations found that eucalyptus oil has an antimicrobial effect 

560,561 by disrupting microorganisms’ cell membranes and allowing the conjugated 

antibacterial agents to maximize their effect 506. However, the use of eucalyptus oil alone 

did not reduce the S. mutans biofilm in this report (Figure 5.10A), mainly because we 

diluted the oil before treating the biofilms to mimic the exact concentration of this oil 

within the final microemulsion product. Still, it could be possible that eucalyptus oil may 
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hold a synergistic effect when it was added to the microemulsion by making the bacterial 

cell membrane more vulnerable to aPDT. 

Polysorbate 20 is one of most used surfactants due to its stability via forming a self-

organized monolayer 562. Besides, polysorbate 20 is a non-ionic surfactant that is used in 

food and pharmaceutical industries due to its safety and biocompatibility 532. In 

microemulsions, surfactants are used in a high percentage to control the tension between 

the organic and aqueous phases 532, which explains the high concentration of surfactants 

used in this study. As it was observed on eucalyptus oil, diluted polysorbate 20 did not 

show any antibacterial activities against the S. mutans biofilm, indicating that active 

antibacterial ingredients inside the microemulsions were the TBO photosensitizer and 

SPIONs. 

Antibiofilm Efficacy of MagTBO Platform against complex multispecies 

biofilms. Figure 5.13A illustrates the set of experiments that were performed following the 

saliva-derived biofilms initiation. After seven days of growth, the dentin slabs with grown 

biofilm on the top were subjected to microbiological assessment, Vicker's microhardness, 

confocal imaging, and SEM. Figure 5.13B demonstrates the findings of the CFUs assay. 

In general, the use of conventional aPDT via TBO inhibited the multispecies biofilms by 

around 1-log, compared to the control without treatment yielding non-significant reduction 

(p >0.05). This amount of reduction is less than the S. mutans biofilm inhibition of 3-log, 

suggesting that the used multispecies model exerts more challenges than the mono-species 

model. When the 2.5% MagTBO microemulsion was photoactivated against the 

multispecies biofilms, significant reduction (p <0.05) of 4 to 4.5-log concerning the total 

microorganisms, total streptococci, mutans streptococci, total lactobacilli was observed. 
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Applying the magnetic field improved the reduction by 0.5 to 1-log, except for total 

lactobacilli, compared to the MagTBO with no magnetic field. Even though that applying 

the magnetic field improved the 2.5% MagTBO antibiofilm inhibition, the reduction was 

not statistically significant compared to the 2.5% MagTBO with no magnetic field. 

Figure 5.13C illustrates the surface microhardness of dentin slabs. We hypothesized 

that applying the magnetic force would allow the SPIONs to diffuse inside the dentinal 

tubules and improve the hardness of the demineralized dentin. However, the hypothesis 

was rejected as the surface microhardness was slightly higher than the samples with no 

treatment. Figures 5.14 and 5.15 complement the microbiological outcomes. Figure 5.14 

illustrates the confocal images of the growing biofilm following each treatment. More 

viable microorganisms were observed over the samples with no treatment (Figure 5.14A-

C), followed by the samples treated with TBO only (Figure 5.14D-F). The biofilm 

thickness values were between 80 and 100 µm in the slabs with no treatment and treated 

with TBO. Using the 2.5% MagTBO with and without magnetic field demonstrated more 

dead/compromised bacteria over the samples (Figure 5.14G-L) with a biofilm thickness of 

60 µm with no magnetic field and 40 µm with the magnetic field. The same pattern can be 

observed in the SEM images as samples treated with the 2.5% MagTBO microemulsion 

were associated with less biofilm mass and growth (Figure 5.15).   
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Figure 5.13. The colony-forming units (CFUs) of the saliva-derived biofilms subjected to 

different treatments and dentin microhardness following the biofilm challenge. (A) A 

schematic draw demonstrating the design of the saliva-derived biofilm assay. The biofilm 

was grown over the slabs for seven days, and then the slabs were transferred to perform 

colony-forming units (CFUs), Vicker’s microhardness, scanning electron microscopy 

(SEM), and confocal fluorescence microscopy. (B)  The CFUs of the total microorganisms, 

total streptococci, mutans streptococci, and total lactobacilli (mean ± sd; n = 6). Values 

indicated by different letters are statistically different from each other (p < 0.05). (C) The 

reduction in dentin hardness in percentage after exposing the dentin slabs to 7-day biofilms 

(mean ± sd; n = 6). Values indicated by different letters are statistically different from each 

other (p < 0.05). 
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Figure 5.14. Confocal images of the saliva-derived biofilms grown over the dentin slabs 

(n=3) with no treatment (A-C), treated using TBO (D-F), treated using 2.5% MagTBO (G-

I), and treated using 2.5% MagTBO with the magnetic field (J-L). 
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Figure 5.15. Scanning electron microscopy (SEM) images of the saliva-derived biofilms 

grown over the dentin slabs (n=3) with no treatment (A), treated using TBO (B), treated 

using 2.5% MagTBO (C), and treated using 2.5% MagTBO with the magnetic field (D). 

 

It has become evident that bacteria in biofilms can provide more aggressive 

resistance against antimicrobial agents than the planktonic form 563.  The biofilm structure 

and its associated matrix limit the diffusion of antimicrobial agents within the biofilm and 

protect the embedded bacteria from desiccation and environmental stresses 563. This high 

level of protection is enhanced in multispecies biofilm compared to mono-species biofilms 

due to the high synergistic interaction between the species and the capabilities to produce 

greater overall biomass 564. As a result, multispecies biofilms demonstrate more resistance 

against antibiotics and antimicrobial agents than mono-species biofilms 565. Based on these 
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observations, we adapted saliva-derived multispecies biofilms to investigate the 

effectiveness of the aPDT via the MagTBO microemulsion against thick and mature 

multispecies biofilms.  

We used saliva as an inoculum to grow the multispecies biofilms and establish a 

more challenging situation for the MagTBO microemulsion. The use of human saliva as 

inoculum was demonstrated in several studies to provide more clinically relevant biofilms 

206,208,566. The saliva mixture collected from ten individuals can provide a homogenous 

bacterial community and allow analyzing the growth of different bacterial species. Mutans 

streptococci and lactobacilli were investigated as they are among the leading pathogens in 

coronal and root caries 510. The reported model in this study was not without its limitations. 

Different studies reported that clinically isolated microorganisms might not recover the 

same quantity and homogeneity when grown in vitro, as several species could be lost 36,566. 

Therefore, such a model cannot be relied on to resemble the oral cavity’s microbiota 

exactly. The same issue is applied when discussing the selective agar media used to isolate 

and enumerate the bacterial species 306. However, due to the reduced cost and the 

capabilities to obtain fast results, culture media is considered an essential tool in 

investigating the interaction between dental materials and oral pathogens in vitro. 

Using a static biofilm model with no shear force to simulate the condition inside 

the oral cavity is the main limitation of this study. As this study aimed to prove the principle 

of using magnetic force and magnetic nanoparticles to improve the aPDT performance, 

further research investigating the response of a clinical translation biofilm model may 

provide further insight concerning the validity of the microemulsion system in vivo.  
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In summary, we have achieved a proof-of-principle demonstration of designing a 

novel photosensitizer-based nanoplatform (MagTBO) for enhanced antibacterial effect via 

association with iron oxide nanoparticles (Fe2O3) and magnetic field navigation. The 

thermodynamic stability and physical properties have manifested the feasibility of the 

presented photosensitizer. We have presented every necessary preliminary stage of 

antibacterial assessment using a series of biofilm models. The magnetic field and 

increasing concentration of the magnetic nanoparticles enhanced the antibacterial 

reduction. Besides, our experiment opens new applications for photosensitizer-based 

nanoplatform against oral pathogens. Such findings are promising and might provide new 

opportunities to improve the clinical outcomes of aPDT.  
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CHAPTER SIX: Summary and Future Perspectives 

 

6.1. AIM I: Summary and Conclusion 

Secondary caries at the tooth-restoration interface is a critical clinical issue that 

causes burdens on the oral health care system 28. This issue is magnified when other 

material-related, tooth-related, and host-related. Resin composite is the most used 

restorative material in clinical settings 29,168,233,275. However, the cariogenic bacteria can 

easily attach and colonize the resin composite structure, leading to filling degradation, 

secondary caries formation, and restoration failure 29. The degradation and leaching of the 

resin matrix due to aging can alter the chemical and physical characteristics of the 

restoration and allow the microorganisms to adhere and accumulate 221,567. The tooth-

related factors are technically related to the tooth surface where the resin composite was 

bonded. Anatomical areas such as proximal and cervical surfaces facilitate plaque 

accumulation and are challenging to clean 275,568,569. 

Moreover, these sites may involve root dentin surfaces, which express multiple 

factors that increase the risk of having dental caries 275. Dentin surfaces have fewer 

minerals than enamel. As a result, the critical pH to induce demineralization is higher 275. 

Besides, the collagen degradation within the dentin complex provides nutrients to the 

attached microorganisms and forms irregularities to allow their attachment 275. Therefore, 

the restorations’ failure at these specific sites is expected to be observed higher than other 

sites. 

Most importantly, aged patients have many challenges in maintaining their oral 

hygiene status 570,571. They have several systematic diseases and medications that may 
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compromise the salivary flow and immune response, rendering the oral tissues colonized 

by oral pathogens 570,571. Besides, elderly patients may experience difficulties cleaning their 

teeth, especially at plaque stagnation areas such as proximal and cervical surfaces 275,570,571. 

These factors may present separately or combined in many clinical situations. As a result, 

designing bioactive resin composite formulations that diminish the burdens of secondary 

caries is a hot-spot area in restorative dentistry. In the first aim, we addressed this point by 

optimizing and developing bioactive resin composite formulations that contained 3 and 5 

wt.% of DMAHDM with and without 20 wt.% NACP. 

The main purpose in the first section of the first aim was to develop the DMAHDM-

NACP  resin composites without compromising the mechanical properties of the designed 

resin composites. Dental restorations are subjected to high load masticatory force. 

Therefore, the designed formulation should deliver clinically acceptable mechanical 

properties to withstand the load without mechanical failure. In the first section 208, we found 

that the DMAHDM-NACP resin composites demonstrated better mechanical properties 

than the commercial control. Increasing the DMAHDM concentration from 3 to 5% was 

associated with reduced mechanical strength, but the values were higher than the 

commercial control. Incorporating the NACP fillers was associated with equivalent 

strength to the commercial control. All the designed formulations exert antibacterial action 

against saliva-derived biofilms. Increasing the DMAHDM concentration and incorporating 

the NACP fillers demonstrated increased antibacterial reduction, most probably due to the 

increased charge density. This section demonstrated the capability of increasing the 

DMAHDM concentration without dramatically affecting the mechanical properties to 

produce a potent formulation against mature multispecies biofilms. 
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In the second section 572, we attempted repeating the same set of experiments 

discussed in the first section following water and fatigue aging. Resin composite 

restorations are highly subjected to degradation and resin matrix leaching due to aging. 

Consequently, the topography changes following the degradation process may allow crack 

development and allow the microorganisms to easily attach, accelerating the mechanical 

and biological failure of such restorations. Besides, antibacterial resin composite 

formulations may experience bioactivity deterioration due to aging the degradation of 

bioactive components. Therefore, the long-term evaluation of our formulations after one 

year of aging was conducted to monitor the long-term performance of our formulations. 

We found that the mechanical properties were slightly reduced following the water aging. 

The 5% DMAHDM-20% NACP reported a value of less than 80 MPa, which the ISO 

reports to be the minimum acceptable flexural strength value of designed resin composites. 

As a result, this formulation could be used in a low stress-bearing area. 

In general, all the formulations demonstrated good antibacterial properties after 

aging. The antibacterial inhibition against mutans streptococci was slightly less after aging 

than the samples subjected to immediate testing, which the improved attachment of 

cariogenic species could explain to the aged surfaces. In fatigue-aged samples, all the 

formulations demonstrated topography changes similar to the commercial control, 

suggesting that these formulations are mechanically strong and capable of withstanding the 

mastication forces. Therefore, it was concluded in this section that the designed bioactive 

formulations demonstrated acceptable mechanical performance and good antibacterial 

properties following the water and fatigue aging.  
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In the third209 and fourth566 sections, we attempted to investigate the antibacterial 

action of the designed formulations against plaque-derived biofilms isolated from active 

root carious lesions and periodontal packets with ongoing periodontal diseases. Evidence 

from previous reports indicated that cariogenic species isolated from plaque are more 

cariogenic than bacteria isolated from saliva. We found that the DMAHDM-NACP resin 

composites were efficient in inhibiting plaque-derived biofilms. In addition, a more 

significant amount of reduction against cariogenic and periodontal pathogens was observed 

among the 5%DMAHDM-20%NACP resin composite. Such findings highlight the potent 

antibacterial effect of the designed formulations. Sections three and four involved other 

characterization assays, such as degree of conversion, Micro-Raman analysis, surface 

energy, and contact angles. 

Resin composite formulations with a low degree of conversion may experience 

clinical failure due to the high amount of resin matrix leaching and the reduced mechanical 

properties 168. In our investigation, the designed formulations demonstrated a degree of 

conversion values higher than the commercial control and comparable to the experimental 

control. Our formulations that contained NACP showed a high amount of calcium and 

phosphate ion deposition over their surfaces. In addition, our formulations had higher 

contact angles with water and lower surface free energy than the commercial control, 

suggesting that these formulations may reduce the chance of salivary pellicle formation 

over the restoration 295. 

To summarize the findings of the first aim, the DMAHDM-NACP resin composites 

designed here delivered a potent antibacterial inhibition against saliva-derived and plaque-

derived biofilms. The CFUs of cariogenic and periodontal species were significantly 
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inhibited by 2 to 6-log. Other virulence factors such as lactic acid production, metabolic 

activities, and polysaccharide production were also reduced. The mechanical properties, 

physical characteristics, surface features, and polymerization behavior were comparable to 

the commercial control. Future investigations may implement clinical translation models 

to investigate the performance of the DMAHDM-NACP resin composite inside the oral 

cavity.  

 

6.2. AIM I: Future Perspectives  

While the results of this aim highlight the potential of the designed formulations to 

minimize the risk of secondary caries, more investigations are needed to validate their 

clinical benefits. In vitro assays are not capable of mimicking the oral cavity environment. 

Even though we used artificial saliva and multispecies biofilms, many other variables 

related to the salivary flow, oral hygiene practice, the frequent exposure to carbohydrates, 

and the interaction of oral species could not be applied. Moreover, the full recovery of oral 

bacterial species in culture media is not guaranteed, as several studies reported different 

microbial profiles between the inoculum and the grown in vitro biofilms 36,566. Therefore, 

the use of a translational model to attempt these restorations inside the oral cavity is 

required. 

Melo reported one of the suggested models at al.152, where resin composite samples 

were attached to an intraoral device and inserted inside the oral cavity for two weeks. A 

plastic mesh covered the resin composite samples with 1 mm separation to allow plaque 

accumulation. After two weeks, the CFUs of the attached biofilm were analyzed. Besides, 

the amount of calcium and phosphate ions within the biofilm was assessed. This method 
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can provide better insight into bioactive resin composite's antibacterial activities than in 

vitro assays. However, this translational is unsuitable for assessing bioactive resin 

composites' mechanical properties as the samples can not be subjected to masticatory force.  

Another way that may allow mechanical assessment of bioactive resin composites 

involves using teeth planned for future extraction. Wisdom teeth or premolars planned for 

extraction for orthodontic purposes could be restored with potential bioactive resin 

composites. A few months later, the teeth can be extracted, and the placed restorations will 

be assessed for different mechanical and physical experiments, such as topography changes 

and color stability. This method was used in one report where different pulp capping 

materials were placed inside premolars, and the pulp response was assessed after the 

extraction 573. Combining different translational models could be necessary to obtain more 

comprehensive thoughts concerning the clinical performance of such restoration. 

 

6.3. AIM II: Summary and Conclusion 

Dental caries is a disease that can be treated invasively or non-invasively. In the 

invasive approach, the affected tooth structure is surgically removed, and restoration is 

then placed to restore the function and esthetic of the tooth. For instance, bioactive resin 

composites are a way to treat the tooth invasively and prevent the recurrence of the lesion, 

which was already covered in the first aim. Non-invasive caries control involves using 

antibacterial or remineralizing agents to arrest early and non-cavitated carious lesions 

without surgical intervention574. These agents can also be used as a prevention approach in 

surfaces with high susceptibility to caries, such as exposed root surfaces. The best examples 

of such agents are fluoride-containing products and topically applied chlorohexidine 575. 
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Similarly, the second aim discussed developing a novel and advanced nanoplatform 

photosensitizer to control coronal and root caries.  

In the second aim, the TBO photosensitizer was functionalized into SPIONs and 

encapsulated inside a microemulsion. The rationale of such functionalization is to eliminate 

several advantages observed in conventional aPDT via TBO. TBO as a photosensitizer is 

toxic, highly susceptible to degradation, and has limited penetrability inside oral biofilms 

due to its hydrophobicity. Therefore, our nanoplatform provided a protection approach for 

the TBO photosensitizer against degradation, improved its biocompatibility, and 

maximized its antibacterial activities by applying a magnetic field to drag the TBO-

SPIONs to the biofilms’ core.  In the first section576 of the second aim, several biofilm 

assays were conducted to investigate the most effective parameters of aPDT using TBO 

alone. The findings found that TBO at 100 µg/mL concentration and 180 J/cm2 energy 

density was very effective in inhibiting S. mutans biofilm by 3-log compared to control 

with no treatment. Increasing the incubation time before the irradiation did not improve the 

TBO’s antibacterial killing. 

In the second section, the development and optimization of microemulsions 

containing TBO and different concentrations of SPIONs (named MagTBO). The TBO 

biocompatibility was significantly improved when it was functionalized into the 

microemulsion and SPIONs. Following the thermodynamic and long-term stabilities 

assays, the synthesized microemulsions were stable for up to six months. We observed that 

the 1%, 2.5%, and 5% MagTBO significantly inhibited the S. mutans biofilms. The 1% 

MagTBO with magnetic field resulted in a 4-log reduction, while the 2.5 and 5% MagTBO 

with magnetic field completely eradicated the biofilms. The designed MagTBO 
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microemulsions did not exert any antibacterial activity when exposed to the biofilms 

without light activation, suggesting the advantage of obtaining high selectivity when 

treating oral biofilms. Then, we chose the 2.5% MagTBO to run a further analysis using 

saliva-derived biofilm grown for seven days. The TBO photosensitizer alone did not 

significantly inhibit the multispecies biofilms, as 1-log reduction only was observed. 

However, applying the 2.5% MagTBO significantly inhibited the multispecies biofilms by 

4 to 5-log. Applying the magnetic field improved the reduction by 0.5 to 1-log compared 

to the 2.5% MagTBO without a magnetic field. 

 

6.4. AIM II: Future Perspectives  

The findings of our investigations highlight the significant antibacterial reduction 

of the MagTBO microemulsion compared to conventional aPDT. It is crucial to indicate 

that this technique could be used as an adjunctive approach to disinfect oral tissues. Several 

clinical trials were conducted to investigate the adjunctive effect of aPDT oral diseases 

42,43. Future studies concerning our product may adapt animal or human in situ clinical 

models to investigate the effectiveness of the MagTBO microemulsion. The MagTBO 

potential use is not limited to dental caries, as it can be used as an adjunctive approach to 

treat periodontal diseases and other oral inflammatory infections. 

 

6.5. Overall Conclusion 

This dissertation illustrated two approaches to control root caries and periodontal 

diseases. The first invasive approach involved using bioactive resin composites intended 

for cervical restorations to treat dental caries and prevent the onset of secondary caries and 
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periodontal diseases around dental restorations. These bioactive formulations contained 

dual antibacterial agents, DMHADM and NACP, capable of killing oral pathogens by 

direct contact and remineralizing the tooth structure by calcium and phosphate ion release. 

The second non-invasive approach involved using a nanoplatform named MagTBO 

microemulsion to improve the clinical outcomes of aPDT using TBO. When the magnetic 

field is applied, the microemulsion encapsulated both TBO and SPIONs together allows a 

potent antibacterial effect against cariogenic biofilms. This approach can be used as an 

adjunctive technique to control dental caries and other oral diseases. 
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