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An Overview on the Cutting Edge Nanotechniques towards Dentistry for Effective Theranostics 

Abstract
Nanotechnology has expanded its wings in almost all sectors with special attention toward health, pharmacology and clinical diagnosis. Research studies investigated at the atomic and molecular level had contributed at large for this rapid technological expanse. This superior and compatible nano based approach has opened new vistas in identification of oral health related issues and its resolution by designing biocompatible (nano) dental materials in Nanodentistry. This review highlights a general overview of the evolution of Nanodentistry, novel nanomaterials and their potential dental applications with special relevance to restorative dentistry and periodontics. Relevance toward timely and precision diagnosis and the treatment regimen toward biofilm induced periodontal infections have also been briefly described and illustrated. Although, nano in dentistry are still at their infancy, there are some commercially available products developed for dental applications which are also enlisted in this review. 
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1.	Introduction
	The evolution of Science and Engineering has made humans more civilized and more modernized with the advent of Nanotechnology. This era has pioneered and surpassed other technologies and remain to be one of the rarest phenomenon encountered today (Saravana and Vijayalakshmi 2006). There has been a long term debate on nanotechnological research investigations and the results’ implementation into clinical practice that had limited its accessibility toward Dentistry (Schleyer 2000). With the cardinal goal of providing optimum oral health in the form of diagnosis and management, Dentistry has evolved. Despite the availability of skilled professionals, technical expertise, facile instruments, there were some limitations pertaining to flawless treatment i.e. lack of technology. It is this novel nanotechnology that has bridged the gap between technological lacunae and Dental science coherence. 
The present awareness of nanotechnology dates back to 1980s, instigated by the convergence of experimental advances such as the invention of scanning tunneling microscope in 1981 and the discovery of fullerenes in 1985. But, the conceptual goals of nanotechnology became popularized with the conferring of Nobel Prizes for many nanoparticle discoveries. The interesting fact is that the idealistic seed for nanoscience and nanotechnology had been sown by physicist Richard Feynman with his provocative talk entitled “There’s Plenty of Room at the Bottom” at an American Physical Society meeting held at the California Institute of Technology on December 29, 1959 (Anon.; Feynman 1960). It was fifteen years later in 1974, the term ‘nanotechnology’ was coined by a Japanese Scientist, Norio Taniguchi (Taniguchi et al. 1974) and defined nanotechnology as the processing of separation, consolidation and deformation of materials by one atom or one molecule. During the late 1970s, Eric Drexler elaborated on a concept of assembler, a universal nanoscale assembling machine not only capable of making nanostructured materials but also other machines. Later in 1991, Drexler, Peterson and Pergamit coined the term “nanobots” augmenting nano processes in medical applications in their book entitled “Unbounding the Future: the Nanotechnology Revolution” and then the legendary term “nanomedicine” was introduced (Drexler 1986; Drexler et al. 1991). 
“Nanotechnology” being a compound word has two parts: nano and science, it clearly defines the science of objects in the size regime of nanometers. It is at this size regime, matter exhibits unusual properties making this science unique in manipulating properties as a function of size below 100 nanometers (nm) in dimension. The dimension here refers to the “characteristic dimensions” and not to the length scale of the piece of matter under investigation. It is this size that determines the implications and applications of nanotechnology in various domains. One such emerging field integrated with Dentistry is Nanodentistry that facilitates use of interfacial nanobiotechnological concepts and nanomaterials for perfect oral health management (Freitas 2000; Jandt et al. 2020). This review highlights the nanotechnological intervention in diagnosis, preventive, restorative dentistry that include commercially available materials with clinical relevance and effectiveness surpassing the pitfalls faced by the conventional materials. Further, the physico-mechanical properties of the materials used in dentistry and its improvement through the incorporation of nanomaterials for theranostics have also been addressed. 
2.	Evolution of NanoDentistry
The advent of nanoscience and nanotechnology has evidenced a great societal and environmental impact thereby improving the quality and performance of the product. The exponential technological developments in the number of articles published was sourced from pubmed.gov and highlighted in Figure 1. This publication analysis extrapolates an alternate trend in the technological developments that slowly progressed till 2010. Beyond 2010, there had been a steady growth in the nanotechnology enabled Dentistry emphasizing the readiness of technology in application. Analytics in nanotechnology remains the crucial part to overcome such hurdles in the path of technological developments. This should address the environmental, societal, toxicological, ethical and biomedical issues and create a positive impact using the strategies leveraging the resources. It is predicted that the incorporation of analytical processes in nanotechnology would evolve as the most developed field by exploring the exceptional properties of nanomaterials and utilizing them to the maximum extent in designing new instruments implying small things-big changes nomenclature (Hassan 2005) and novel nanotechnology approaches.  

[image: G:\SAVEETHA DENTAL\TASKS\16 NANO IN DENTISTRY\PUBLICATIONS.jpg]
Figure 1 Scientific evolution of nanotechnology. Number of nanotechnological publications related to Dentistry published in pubmed.gov in the past two decades.
3.	Transition from Micro to Nanoscale – Challenges
	In the field of Dentistry, there has been a long term practice of using dental amalgams (comprising approx. 50% of mercury by weight) to fill cavities. But now, resin-based composites are the most preferred dental restorative material more than amalgams to prevent mercury toxicity (Xia et al. 2008). In the past two decades, there has been a gradual drop in the use of amalgams / metals / alloys which showed a paradigm-shift toward composite and ceramic based materials in dental restoration (Hickel et al. 2009). These composite materials offer an option of flexibility to tailor them according to the polymeric matrix and / or filler, size, shape and the compatible agent. For instance, TPH Spectra® a universal composite restorative has been preferred owing to its higher polymerization shrinkage (PS) capable of delivering lower opacity and higher translucency (Cobb et al. 2000; Wang et al. 2014). This composite contains 57.1% by volume filler constituting 42.9% of the matrix responsible for higher PS. 
Secondly, a nano-hybrid flow based composite resin Grandio™ has been sought after TPH Spectra® for its highest filler loading potential. Here, the resin-to-filler ratio accounts to 1:6.7 attributing for less PS, less cytotoxicity, good wettability, high compressive strength & abrasion resistance and high modus of elasticity (Pereira et al. 2008; Sideridou et al. 2011). It was explained that the nanomaterials present in the composite were capable of forming a mesh. This offers them with larger surface area facilitating highest binding ability of functional biomolecules augmenting high flow properties, tensile strength, resistance and compatibility between the phases. Such resin-based composites were preferred mostly to restore anterior teeth for its reduced fracture strength and Young’s modulus. As for the microfilled materials are concerned they despite their assured aesthetic properties, their mechanical properties need further improvement. Some of the restorative composites along with its composition are shown in table 1. 
Table 1 Restorative composites and their composition from micro – nano scale (Monteiro and Montes 2010)
	Composite
	Matrix
	Filler content : Filler size (% mass / volume)

	Esthet-X™
	U-BisGMA, BisEMA, EGDMA
	Borosilicate : Al : Ba (glass and silica nanohybrid) (77 / 0)

	Filtek Z250™
	BisGMA, UDMA, BisEMA
	Zr/Si – Microhybrid (82 / 60)

	Filtek Z350™
	BisGMA, UDMA, TEGDMA, BisEMA
	Zr/Si and SiO2 NPs (78.5 / 59.5)

	Polofil Supra™
	BisGMA, UDMA, TEGDMA
	Microhybrid (76.5 / 60)

	TPH 3™
	BisGMA and BisEMA dimethacrylate
	Boro-silicate / Al / Ba (Glass and silica – nanohybrid) (75.27 / 0)


U-BisGMA – Urethane modified Bisphenol-glycidyl methacrylate; BisEMA – Bisphenol-PEG dimethacrylate; EGDMA – Ethylene glycol dimethacrylate; TEGDMA – triethylene glycol dimethacrylate; UDMA – Urethanethyl dimethacrylate.
	Studies revealing a correlation between the stability of the composite materials and sizes have also been reported. Alongside, the wear and tear of the composite was also found associated with loss of height and volume of filler. Their failure to offer longevity was greatly influenced by clinical factors, socio-economical behaviour, material characteristics that include mechanical strength, elasticity, toughness, hardness and resistance. In order to achieve better functionalization, compatibility between the polymer and the filler need to co-exist. To accomplish this, silica particles were heated along with organic materials to impart functionalization for the improvement of compatibility (Zartner et al. 2004; Demarco et al. 2012; De Caluwé et al. 2014).  
	One of the most persistent challenges related to dentistry and dental materials is the formation of biofilm by various bacteria (predominantly Streptococcus mutans) and its deterrence. Most importantly, the composition and the surface of the materials greatly influence the biofilm formation. For instance, enhanced biofilm formation could be evidenced in glass-ionomer cement followed by resin composite and amalgam compositions. In this line, polymeric matrices such as UDMA, Bis-GMA and HEMA (Hydroxyethyl methacrylate) also support biofilm formation as much as amalgams (Wang et al. 2014). 
Nanotechnology has enabled facile fabrication of microstructures with smooth surface capable of inhibiting bacterial adhesion and thus preventing biofilm formation. Further, integration of antimicrobial nanomaterials and biocides in dental composite materials has also yielded promising results (Zhang et al. 2014). Polishing of composites would make the surface smooth creating an unfavourable condition for bacterial adhesion. It was presumed that by altering the proportions of resin matrix to filler, a reduced biofilm formation could be appreciated (de Freitas et al. 2011). Another important factor influencing bacterial adhesion is surface hydrophilicity. Higher the hydrophilicity, greater would be the oxygen-carbon ratio that promote the secretion of proteinaceous material and thus increases the hydrophobic nature of the cell surface (Carniello et al. 2018) preventing cell adhesion.  
3.	Nano in Restorative Dentistry
	Materials capable of restoring the missing or damaged teeth, preventing secondary caries and fractures conventionally have been replaced with dispersible nanomaterials preferably, nanocomposites and nanoadhesives (Mantri and Mantri 2013). Nanofills, a type of nanocomposite in the size range of 1 – 100 nm dispersed in a matrix preferably, a resin matrix. Before the advent of the nanofills, microfills were used only at the anterior restorations (superpolishing). The present nanofill composites constitute predominantly silica particles either monodispersed and non-aggregated or non-agglomerated. It is by the process of Silanization, silica nanoparticles are coupled toward the matrix facilitated by mechanical and chemical interlocking (Figure 2). This interlocking offers the composites with low shrinkage rates thereby reducing the leakage of the fillers (Tekerek et al. 2013). 
As a result of silanization, the leakage percentage was brought down to less than 2.5% whereas some studies reported on its further reduction to 1% (Radz 2013; Tekerek et al. 2015). Secondly, there are nanoparticles that are being used to fabricate nanofillers. For instance, TiO2 nanoparticles have been synthesized and used as nanofillers to enhance the dental properties of light curing dental composites (Raorane et al. 2019) (Table 2).
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Figure 2. Silanization reaction showing silica interlocking using 3-methacryloxy propyl trimethoxysilane for use as nanofillers.



Table 2 Nanoparticles used as Nanofillers and their physical, chemical and mechanical properties.
	Nanoparticles
	Physical, Chemical and Mechanical Properties
	Reference

	Carbon nanotubes
	The hexagonal arrangement of carbon nanotubes offers stability with excellent tensile strength, rubber-like malleability, ductility and [image: On Carbon Nanotubes In The Interstellar Medium - Astrobiology]good mechanical strength.    
Large surface area, light weight, high strength and low density. 
	Soad et al. (2019)

	Graphene
	[image: UV-curable Graphene-containing Systems: Recent Advances and Future  Perspectives | Bentham Science]A transparent, stable and flexible material. A highly planar surface area that confers them with remarkable optical properties. Characteristic honey comb lattice. 
	Sarosi et al. (2016)

	Hydroxyapatite (HAP)
	[image: Nano Hydroxyapatite Powder - EPRUI Biotech]Calcium phosphate having greater surface area with hexagonal symmetry providing stability. 
	Lezaja et al. (2016)

	Zirconia
	A tough, corrosion resistant, higher performance ceramic material with its natural compatible color possessing superior osseointegration properties. 
	Hu et al. (2019)

	Silica
	Excellent compressive strength (~ 1600 MPa) and hardness. Exhibits two kinds of surface groups: hydrophilic and hydrophobic. 
	Timpe et al. (2014)

	Titania 
	A hard and an elastic material with a compressive strength (3675 MPa). They are being used as nanohybrid fillers.
	Raorane et al. (2019)

	Silver
	High ductility, malleability with antibacterial activity. Exhibits exceptional optical, electrical and thermal conductivity. Possess high catalytic activity and are chemically stable.  
	Cao et al. (2018)

	Gold
	Easily tunable to different sizes and concentrations. Excellent mechanical strength. Malleable, corrosion resistant and extreme hardness.
	Bapat et al. (2020)

	Strontium
	Physical and chemical properties mimic to that of calcium. Highly chemically reactive. 
	Carvalho et al. (2020)



	Besides nanoparticles, nanoclusters have profound dental implications. Indeed, they are synthesized by the light-sintering of –oxides with improved rheological properties. In this line, nanohybrids constituting amalgamation of nano and larger sized particles were designed to get rid of fracture resistance. They have been widely used owing to its high polishing effect and gloss retention. For instance, Wang et al. (2019) have prepared cellulose nanocrystal / zinc oxide nanohybrids as a dental resin composite. They showed enhanced mechanical properties viz. compressive strength and flexural modulus under optimized concentration but upon excess usage there was a consideration reduction of the same. Alongside, they also exhibited an excellent antibacterial effect with 78% reduction in viability of S. mutans. On a par with the conventional methods, the application of nanohybrid requires a small amount of tooth structure removal at an affordable cost and at ease. 
	Artificial teeth are also one of the characteristic performances in restorative dentistry where the nanocomposites have been exploited. In this process, the inorganic fillers with nano-characteristics are diffused in the matrix without aggregation, retaining the smoothness of the teeth. Secondly, they are more durable and resistant than the acrylic model and microfill composite teeth exhibiting superior polish effect (Gharebagh et al. 2019). 
4.	Nanotechnology in Periodontics
4.1	Nano-Diagnostics
	A branch in dental speciality dealing concerned with the inflammatory disease destroying gums and other tissues around the teeth. Periodontal diseases are not only associated with tooth loss but also interferes with the systemic conditions of an individual (Bramantoro et al. 2020). Henceforth, it is very crucial to either prevent or manage periodontal diseases for perfect oral health for the total physical fitness. There are two approaches wherein the nanoparticulate system is being incorporated: (a) diagnosis and (b) treatment.  Effective diagnosis relies on the Clinician’s faith in identification of high risk and active periodontal disease sites. This demands novel strategy in diagnostic field for timely detection and understanding the disease progression, vulnerable sites and the host response (Spielmann and Wong 2011). 
4.1.1	Biochip based technology
The greatest challenge relies on the quantification of biological parameters i.e. biomarkers / signatures found in biological fluids such as blood, urine and even saliva. As saliva plays an important role in reflecting the exact oral health condition and also providing relevant information about the biomarkers specific to inflammatory conditions (Wei and Wong 2012). To accomplish high sensitivity and specificity of the biomarkers, ‘lab-on-a-chip’ and microfluidic devices are emerging technologies to determine periodontic disease-risk profile. One such diagnostic tool to detect protein and genetic biomarkers for cancer was developed by Gau et al. (2007) adopting electrochemical-based molecular analysis platform, OFNASET (Oral fluid nanosensor test). But it was Wong et al. (2008) who developed this automated, hand-held, integrated system to detect multiple salivary proteins and nucleic acid targets (Fuentes et al. 2014). 
A diagnostic ‘cytology-on-a-chip’ technique has been developed for rapidly detecting premalignant and malignant cells with utmost sensitivity and specificity. 	Here, detection of oral squamous cell carcinoma (OSCC) on a microfluidic platform was accomplished in a step-wise process. Initially the cell suspension would be allowed to flow through a filter and those cells larger than the pore size would retained. Then, the cells captured would be stained using fluorescent dyes and reagents to differentiate cytoplasm, nucleus and tumor biomarkers. Upon successful staining, the cells would be subjected to 3D fluorescence-microscopy and the images are captured using an automated software (Weigum et al. 2010).   
Floriano et al. (2015) have developed a programmable bio-nanochip based cytological testing of potentially malignant disorders (OPMD) among Fanconi anemia (FA) patients. Here, cytomorphometric and molecular biomarkers in OSCC derived from FA and non-FA patients with OPMD has been compared. By performing p-BNC assay, they could evidence significant difference in cytometric parameters and biomarker expression (MCM2 – Minichromosome maintenance complex component 2) between FA and non-FA patients. Upon microscopic examination of FA patients with OPMD, typical dysplastic oral epithelial cells were confirmed. 
Alongside, to improve the diagnostic efficacy and the bioreceptor performance, nanobioreceptors were fabricated using nanotubes, nanowires and nanodots in the sensing system (Sagadevan and Periyasamy 2014). Similarly, graphene-based nanosensor had been fabricated which is capable of detecting bacteria in the oral environment for overall body health monitoring (Dexter Johnson 2012). 
4.1.2	Biofilm Imaging using AFM (Atomic Force Microscopy)
	It is a known fact that bacteria inhabit oral environment determining the oral health conditions. By adhesion, they are capable enough to colonize and cause diseases with adverse effects. In order to understand the disease progression, nano mechanism of action of bacterial pathogenesis is essential. In the emerging technologies, AFM has drawn much attention where by establishing cell-probe interaction, live cell imaging and the topographical characteristics could be visualized. This method would also highlight the adhesion properties of bacteria toward different substrates (viz. teeth or implants) (Zhang et al. 2011).
The probing mechanism of nanomechanical sensors, cantilevers and the scanning enhances visualization of live bacterial cell with high sensitivity providing topographical information. Alongside, detailing on the morphological architecture, elasticity, membrane properties of the bacteria adhered to dental or tooth surfaces could also be revealed using AFM. A precise information on the bacterial interactions with the antimicrobial drugs and the level of damage incurred could aid ascertain the alternative treatment regimen to encounter drug-resistant strains (Wessel et al. 2014). 
4.1.3	Image contrast enhancing agents
These contrasting agents play a pivotal role in the detection and imaging of oral cancer lesions which inturn has a critical role in management and treatment of oral diseases. Besides structural imaging techniques providing basic information about the location, size and spread, they have limited accessibility in distinguishing benign from cancerous cells. To surpass these limitations, nanotechnology driven AuNPs have been used as contrasting agents owing to its strong absorption (Reuveni et al. 2011). The wider accessibility of AuNPs has been harnessed as a vascular contrast enhancer for CT imaging. Promising results were obtained by functionalization of AuNPs either by thiol modification or by polymeric encapsulation (Cho et al. 2010; Marega et al. 2012). 
Furthermore, near-infrared (NIR) luminescent quantum dots (QDs) have emerged as yet another image contrasting agent for the detection of tumors. These semiconductor crystals act as fluorophore when their sizes are reduced in the range of 2 – 6 nm. Their morphological similarities with biological macromolecules facilitate easy functionalization of QDs that could act as luminescent probes. These probes bind to the target with 	high specificity and sensitivity making them effective bio-labelling agent (Yang et al. 2010; Brunetti et al. 2018). Not only QDs were used for tumor diagnosis, they were also used as luminescent probes to image single cell from oral bacterial consortia. By conjugating QDs to monoclonal and polyclonal antibodies, Streptococcus gordonii DL1 cells were successfully imaged.  
4.2	Nano-based Treatment
	The conventional treatment includes three phases namely non-surgical, surgical and supportive care. Non-surgical procedures involve maintaining oral hygiene with clinician’s intervention by eliminating the pathogenic microbes mechanically and releasing the pre-disposing factors. Secondly, surgical phase includes resection, restoration and regeneration. Thirdly, supportive care includes the follow up and maintenance of the patients’ dental setup  prior to treatment procedures (Figure 3). 
	With the nanotechnological intervention, treatment modalities attributing for surgical or non-surgical procedures had shown promising results in keeping the microbial infection at bay prior to administration of nano-based antimicrobials. Secondly, drug delivery systems associated with sustained release of certain drugs using specific	nanostructures (hollow spheres, nanotubes, core-shell nanoparticles, nanocomposites etc.) have also been demonstrated (Kong et al. 2006; Kumar 2009).    
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Figure 3. Conventional and Nanotechnology based treatement regimen
4.2.1	Nanomaterials with Antimicrobial properties 
	It is a known fact that oral microbiome is a repository for several different microorganisms responsible for causing dental caries, caclculus, gingivitis or periodontic infections. Any successful dental treatment may not only be compatible to the host but also should suprass the challenges posed by microbial action. In this line, several nanomaterial with antimicrobial properties have been harnessed to improve restoration functionalities (Table 3). 
Table 3 Nanomaterials used directly and in combination for Dental applications
	Nanoparticles
	Advantages
	Disadvantages
	Reference

	Silver nanoparticles
	· Possess significant antimicrobial activity.
· Size based antimicrobial effect. 
· Applied in nanocomposites, implant coatings, anti-caries formulation and treatment of oral cancer. 
· Excellent activity achieved when combined with acrylic resins, adhesives, intracanal medicamemt.
	· Not all sizes exhibit effective antimicrobial effect.
· Toxic to body cells. 
· Controlling the dosage of silver.
· Discoloration of materials or tissues. 

	Noronha et al. (2017)

	Zinc oxide nanoparticles
	· Significant antibacterial effect at higher concentrations against S. mutans.
· Reduced depth of cure of the composite 
· When combination with glass ionomer cements, it promotes antibacterial activity against S. mutans.  
	· Mechanical properties increase or decrease with concentration.
	Andrade et al. (2018); Garcia et al. (2017)

	Copper
	· Strong antibacterial activity against Aggregatibacter actinomycetemcomitans.
· Oxidation state, size and crystalline nature of the nanoparticles are held responsible.
· When combined with glass ionomer cements enhanced antimicrobial effect and reduced collagen degradation.  
	· Not only ion release plays a vital role in antibacterial action. 
	Fernández-Arias et al. (2020); Renné et al. (2017)

	TiO2 nanotubes
	· Anti-adherent effect of Streptococci. 
· Adherent properties modification by modifying titanium upon anodization.
	· Optimization of nanotubule diameter.
	Narendrakumar et al. (2015)

	Mesoporous silica nanoparticles
	· Mechanical properties
· Anti-adherent effect against Candida albicans and S. oralis.
· Less cytotoxic.
· Sustained release of the antibiotic amphotericin B over a period of 2 weeks.  
	· Mechanical properties varied upon varying the concentration. 
	Lee et al. (2016)

	Graphite oxide / AgNPs / phthalocyanine 
	· Long lasting disinfection upon near-infrared irradiation.
	· Frequent irradiation required for enhancing the antibacterial effect.
	Gerasymchuk et al. (2016)

	Graphene oxide / PMMA nanocomposite 
	· Improved mechanical properties.
· Anti-adhesive properties against C. albicans, E. coli, S. aureus and S. mutans. 
· Sustained release for 28 days.
· Increased hydrophilicity augmented anti-adherent effect.
· A comparable effect could be achieved as metal ions. 
	· Lacks evidence for selectivity and specificity. 
	Lee et al. (2018)

	Class V composite containing DMAHDM and NACP (3%).
	· Bactericidal and anti-biofilm effect against periodontal pathogens viz. E. faecalis, P. gingivalis, P. intermedia, P. nigrescens, F. nucleatum and A. actinomycetemcomitans.
· Restores root caries and combat periodontitis.
	· Need a long term study on the biofilm inhibiting efficacy.
	Wang et al. (2016)

	NACP composite comprising MPC and DMAHDM
	· Formulation of Dental composites, adhesives and cements.
· Reduction in the formation of plaque biofilm.
· Multiple re-release capability for inhibiting dental caries. 
	· Works only in combination. 
	Xie et al. (2016)

	QPEI NPs
	· Excellent antimicrobial activity 
· Long-term durability
· Mechanical stability and biocompatibility
	· Works only when combined with NACP / DMAHDM  composite.
	Pietrokovski and Nisimov (2016); Huang et al. (2017)


 DMAHDM - dimethylaminohexadecyl methacrylate; NACP - Nanoparticles of amorphous calcium phosphate; MPC – 2-methacryloyloxyethyl phosphorylcholine; PMMA – Poly(methyl methacrylate); QPEI – Quaternary ammonium polyethyleneimine.
4.2.2	Photodynamic therapy
	This serves to be one of the promising approaches to encounter periodontal biofilms. Although antimicrobial nanoparticles have been used in place of antibiotics to overcome resistance and in achieving optimum bactericidal dose in removing bacterial pathogens, antimicrobial photodynamic therapy has ventured in to overcome the challenges posed by the nanomaterials (Cieplik et al. 2014). This strategy involves a photosensitizer which would be taken up by the microorganisms. Once they are activated by visible light of particular wavelength, reactive oxygen species would be generated (ROS). As this process takes place instantaneously eliminating pathogenic drug resistant strains by concomitant action of light and photosensitizer, it has been suggested as an alternative treatment for periodontal infections (Haag et al. 2015) (Figure 4).
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Figure 4. Schematic representation of Photodynamic therapy in encountering oral pathogens.
	There have been reports on PDT’s complete susceptibility toward planktonic cultures and plaque scrapings (Araújo et al. 2012). But there have been some studies which have been reported on minimum efficacy of PDT pertaining to biofilms. For instance, methylene blue mediated antimicrobial PDT had attributed for reduced antimicrobial treatments owing to partial penetration of PS and other antimicrobial agents into biofilm matrix (Taraszkiewicz et al. 2013). To enhance the effectiveness of PS molecules, nanoparticles have been functionalized to improve the pharmacological characteristics, retention time, solubility, absorption and stability (Calixto et al. 2016). Their extremely low size, large surface area and larger critical mass for ROS generation have made them the most sought after material in PDT. Among them polymeric nanoparticles are the most preferred ones due to their biocompatibility and ease of fabricating stable ones. PLGA (poly(lactic-co-glycolic acid)) has been widely used as for their physicochemical properties and biodegradability can be easily manoeuvred. Furthermore, the end products, lactic acid and glycolic acid can be easily metabolized resulting in the formation of CO2 and H2O molecules (Lucky et al. 2015). 
	In this exploration, the effect of antimicrobial PDT on human dental plaque was investigated by fabricating MB-loaded-PLGA NPs-based PDT irradiating them at 660 nm. The fabricated antimicrobial PDT was exposed to planktonic and biofilm phases. It was reported that nanoparticle integrated MB had the potential to inhibit 25% more bacteria than those exposed to free MB PDT system. The safety of its application has been validated from clinical study. Moreover, patients treated with ultrasonic scaling and scaling & root planning showed a greater effect of 28.82% on GBI (gingival bleeding index) on a par with ultrasonic scaling and root planning (de Freitas et al. 2016). Similarly, the effect of AgNPs integrated MB based antimicrobial PDT using a 650 nm diode laser on biofilm inducing S. mutans was assessed. The results revealed significant reduction in CFU / mL upto 95.28% on a par with MB exposure alone (74.09%) (Saafan et al. 2018). It was presumed that the size of the nanoparticle facilitates membrane adsorption, releasing its ionic form thereby disrupting the biofilm matrix enabling deeper penetration and controlled release (Baeloa et al. 2015).  
4.2.3	Drug Delivery system
	The success of tiny technology relies on the maximum extent to which the nanomaterials would reach to prove their desirable potential. As far as oral environment is concerned, it is the depth that determines the fate of drugs. There are some drugs which even though effective could not act at the specific site bringing about the desired effect. So, nanoparticles are used as carriers / vehicles to deliver such drugs at the target site to either release them in a controlled fashion. Herein nanoparticulate system, the drugs are dissolved, entrapped and ensheathed to facilitate accessibility of drugs at limited sites (Madi et al. 2018). One of the most significant classes of nanovehicles is the polymers which can be easily customized and made compatible. Alongside, the drug loading and release ability could be easily manipulated by changing the surface charge, functional groups, molecular mass that behaves as an intrapocket drug delivery system (Osorio et al. 2016). Some of the polymeric nanocarriers have been enlisted in Table 4.  


Table 4. Polymeric nanocarriers for the effective delivery of drugs in dental applications
	Polymer
	Drugs
	Functional characteristics
	References

	PIHCA
	Ampicillin
	Adequate and efficient release of antibiotics inside the intra-cellular matrix.
	Liang et al. (2020)

	PAA
	Penicillin
	Increased antibacterial activity by enhanced absorption of PAA to bacteria.
	Miar et al. (2019)

	PLGA
	Doxycycline / Nano hydroxyapatite / Nano collagen
	Controlled release / Enhances regeneration of bones / Regeneration of tissue collagen in periodontal infections.
	Alécio et al. (2019)

	PLGA
	MB-AuNPs
	PDT using 665 nm red light to enhance penetration and induces bactericidal effect.
	de Freitas et al. (2016)

	Chitosan
	AgNPs
	Hastens wound healing by increased absorption of metal nanoparticles by chitosan.
	

	Liposomes
	Minocycline hydrochloride
	Treatment for periodontitis in encountering periodontopathogens. Inhibition of LPS-stimulated TNF-α secretion of macrophage cells. 
	Liu et al. (2013)



	In addition to periodontal treatment, there are some biomaterials that have been proposed for extended periodontal tissue engineering applications. For instance, alveolar bone is composed of an organic (collagen) and an inorganic component (hydroxyapatite). As the nanocomposites mimic the biological part, their tendency to self-assemble could yield perfect regenerative tissues. 
5.	Commercialized nanoproducts
There are some commercially available bone replacement nanocomposites available and are produced from hydroxyapatite, tricalcium phosphate and calcium sulphate. They include Ostium®, VITOSSO®, NanOSS® and Bonegen-TR® (Baheti et al. 2014). There are other nanomaterials which are used to fabricate commercial products such as NHC SR Phonares® (SiO2 NPs), Veracia (spherical, pre-polymerized silica), Ketac™ Nano3M ESPE (comprising Zirconia / silica nanofillers and clusters), Tetric Evo ceram (spherical shaped SO2 nanofillers), Ceram.x® Mono™, Ceram.x® Duo™ (ceramic fillers comprising polysiloxane backbone), NanoCare gold® (spherical shaped AgNPs of size 48nm) and GuttaFlow™ (made of nanosilver) (Alkahatani et al. 2018). These nanoadditives were effective in imparting superior properties viz. wear resistance, stain resistance, flexural strength, diametral tensile strength and polymerization shrinkage over conventionally used composites.  
6.	Conclusion and Future Outlook 
Nanotechnology enabled approaches have ventured into resolve challenges to realise the pathophysiological aspects for precision diagnostics and opportunities for effective treatment regimen. The characteristic physico-chemical properties, reliability, criticality have facilitated their widespread application in biomedical field, preferably dentistry. From this review, various highlights on the nanoparticulate system and its potential application in dentistry have been discussed. Secondly, the role of nanoparticles as antimicrobial agents, nanocarriers, photosensitizers etc. to encounter dental caries, periodontal diagnosis and treatment have been critically reviewed. The recent developments in fabrication of nanomaterials and their commercial applications in dentistry have also been described. Although nanomaterials have been integrated into composites for desired dental applications, their accidental release in the environment or into the human cell needs careful consideration and critical evaluation. Besides, their biological efficacy, the potential impacts on the health over long-term exposure needs further investigations. A step-further, nanotechnology has enabled designing a Nanorobot for replacing or repairing the damaged tissue. The so-called ‘nanobots’ would find a prominent place to deliver local anaesthesia, restoring tooth, surgery and to treat tooth hypersensitivity. In the forthcoming years, these nanobots upon programing would navigate and scan the dental world and perform surgery / the required treatment proposed by the dentist. There is no doubt that nano enabled dentistry would be a disruptive technology in the near future. 
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