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Preface

The editors of the Monographs in Oral Science series asked me whether it would be worthwhile to produce a volume on toothpaste. I could only give a resounding ‘Yes!’ because I always notice that most dentists and many dental researchers are unaware of the complexity of toothpastes and the science that goes into them. Questions about the relative effectiveness of different toothpastes are often vaguely answered. Furthermore, the last comparable publication dated from 1992.

Although used for several thousand years, dentifrices have evolved rapidly over the last century from suspensions of crushed egg shells or ashes used by the ancient Egyptians and toothpowders of the 19th century to the complex toothpaste formulations of today. A landmark was the widespread mass-marketed introduction of fluoride in toothpaste in the 1950s. From then on, tooth-brushing with fluoridated toothpaste became indispensable for good oral health. The use of toothpastes had no longer only a cosmetic but also a therapeutic effect. Fancy packaging, a variety of flavours and colours and commercials emphasising the benefits made oral hygiene attractive for consumers, with a pivotal role for toothpaste as it combines the delivery of active ingredients with the mechanical removal of dental plaque and food debris during use. Manufacturers have continuously improved formulations for better fluoride bioavailability, and also included other active ‘therapeutic’ ingredients to fight gum disease, malodour, calculus, erosion and dentin hypersensitivity. The cosmetic effect of toothpastes improved as a result of tailored abrasives to clean and whiten teeth, ingredients to facilitate removal and prevention of extrinsic stain, flavours for the purpose of breath freshening and dyes for better visual appeal. The development and promotion of these latter ‘cosmetic’ toothpastes fits into a switch in emphasis in dental practice and among patients to cosmetic dentistry and may therefore have an important function in stimulating consumers to use the pastes. However, this shift in emphasis from therapeutic toothpastes to ones marketed for their cosmetic benefits should not lead to the notion that such cosmetic benefits are more important than the therapeutic ones. Consumers should continue to realize that the first and global goal of using toothpaste is to fight caries: still the most prevalent oral disease. Other functions should not jeopardize this important task.

Toothpastes have become truly multi-functional due to the incorporation of a range of active ingredients that aim to combat a variety of oral diseases and conditions and to provide cosmetic benefits. To be effective, such ingredients need to be delivered to the mouth and ideally be retained at target sites for as long as possible. Effective toothpastes are those that are formulated for maximum bioavailability of their actives. This, however, can be challenging as compromises have to be made when several different actives are formulated in one phase. Toothpaste development is by no means complete as many challenges and espe-cially sub-optimal oral substantivity of active ingredients are yet to be overcome. Therefore, transparent quality control of manufacture to confirm the bioavailability of the ingredients is essential to support the credibility of efficacy claims. In this respect, established brands may be preferred over generic products. The intra-oral retention or sub-stantivity of active ingredients in toothpastes is not only influenced by product-related but also by user-related factors. The latter factors include biological aspects such as salivary flow and salivary clearance, and behavioural aspects, such as frequency and duration of brushing, amount of toothpaste used and post-brushing rinsing behaviour. Whilst product-related factors are fundamental to the intrinsic efficacy of toothpaste, the user-related factors have the potential to significantly enhance or reduce effectiveness.

Dentists are often asked about which toothpastes are the best or about the benefits of specific ingredients. Furthermore, dentists want to advise their patients on the best way to use toothpaste. After reading this book the dentist, and more generally all those who want to advise on the use of toothpaste, will be able to do so in an evidence-based manner. There are head-to-head comparisons of the effectiveness of toothpaste, but such comparisons are not available for all possible comparisons. It is not realistic to expect or demand head-to-head comparisons on all possible claims. Furthermore, head-to-head comparisons can be outdated because by the time the results are published manufacturers may have changed a poorly performing formulation. The limited number of such comparisons in relation to the large number of brands, types and claims of toothpastes implies that many answers will have to be given based on short-term clinical studies (e.g. 4-day plaque growth studies) or on model in vitro studies. A proper understanding of the wider validity of these outcomes is of paramount importance. For therapeutic claims that cannot be directly checked by consumers themselves, scientific evidence is essential; for cosmetic claims, subjective experience and appreciation may be overriding.

As editor of this monograph, I was lucky to find so many distinguished colleagues willing to contribute their time and expertise. On behalf of myself and all readers, I would like to thank them for their hard labour and their willingness to share their knowledge with us. The monograph is structured such that after a general introduction on the purpose, history and composition of toothpaste, six chapters deal mainly with the clinical evidence of effectiveness in caries prevention, in reducing and preventing plaque, gingivitis, and halitosis, in preventing calculus formation, in facilitating removal and prevention of extrinsic stain, and in preventing dentine hypersensitivity and erosion. Later chapters deal with important issues that contribute to our understanding of why toothpastes do what they do. The relevant topics are the abrasiveness of the pastes, the sub-stantivity of active ingredients in the oral cavity and the possible models to study effectiveness when full-scale clinical trials are not possible. The last chapter focuses on two of the user-related factors that have been most widely studied: frequency of toothbrushing and post-brushing rinsing behaviour.

Whether for those new to the field or for the established worker, this monograph will prove to be a most valuable resource of the available knowledge on toothpaste effectiveness.

Finally, I would like to thank Colgate and GABA for supporting the release of this book.

Cor van Loveren, Amsterdam
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An Introduction to Toothpaste – Its Purpose, History and Ingredients

Frank Lippert

Department of Preventive and Community Dentistry, Oral Health Research Institute, Indiana University School of Dentistry, Indianapolis, Ind., USA

______________________

Abstract

Toothpaste is a paste or gel to be used with a toothbrush to maintain and improve oral health and aesthetics. Since their introduction several thousand years ago, toothpaste formulations have evolved considerably – from suspensions of crushed egg shells or ashes to complex formulations with often more than 20 ingredients. Among these can be compounds to combat dental caries, gum disease, malodor, calculus, erosion and dentin hypersensitivity. Furthermore, toothpastes contain abrasives to clean and whiten teeth, flavors for the purpose of breath freshening and dyes for better visual appeal. Effective toothpastes are those that are formulated for maximum bioavailability of their actives. This, however, can be challenging as compromises will have to be made when several different actives are formulated in one phase. Toothpaste development is by no means complete as many challenges and especially the poor oral substantivity of most active ingredients are yet to overcome.

Copyright © 2013 S. Karger AG, Basel

The following chapter will provide a brief overview about toothpaste – its history, ingredients and their purpose, delivery formats and issues relating to safety.

History

This section will provide an overview of the history of toothpastes and its much older relative, toothpowders. Due to the lack of (credible) scientific publications on the matter, a summary of information gathered from various (sometimes conflicting) sources [1-11] will be presented.

Toothpowders and toothpastes are by no means inventions of modern times. Around 3,000-5,000 BC, ancient Egyptians first developed a dental cream which contained powdered ashes from oxen hooves, myrrh, egg shells and pumice, primarily with the aim to remove debris from teeth. Most likely, water was added only at the time of use. Persians then added burnt shells of snails and oysters along with gypsum, herbs and honey around 1,000 BC. Some 1,000 years later, Greeks and Romans added more abrasives to the powder mixture, for example crushed bones and oyster shells. Romans appear also to be the first to add flavors, most likely to help with bad breath and to make their paste more palatable. This flavoring was more or less powdered charcoal and bark – distant relatives of nowadays flavors. Around the same time, China and India were using a powder/paste as well. The Chinese in particular were formulating their toothpastes with flavoring, such as ginseng, herbal mints, and salt, thereby resembling toothpastes which are not too dissimilar from those used nowadays. Most common issues with ancient toothpastes were the high level of abrasivity, poor taste and high cost, making it not the affordable mass-market product toothpastes are nowadays.

Little change happened until the dawn of the industrial age in the 18th century, when the use of toothpowders became more common. Doctors, dentists and chemists were responsible for the development of toothpowders for the sole purpose to clean teeth. These powders were very harsh to teeth, due to abrasives such as brick dust, crushed china, earthenware and cuttlefish. The still nowadays popular bicarbonate of soda was used as the body for most toothpowders. Borax powder (sodium borate) was added at the end of the 18th century to produce a favorable foaming effect – again, a sensory cue that has survived. Glycerin was added early in the 19th century to make the powders into a paste, more palatable and to prevent the paste from drying out. Strontium was introduced at this time as well, which was believed to strengthen teeth and reduce sensitivity. A dentist called Peabody became the first person to add ‘soap’ (salts of fatty acids such as sodium palmitate) to toothpowder in 1824 and chalk was added in the 1850s by John Harris. In 1873, toothpaste was first mass-produced in a jar by the then Colgate & Co. In 1892, Dr. Washington Sheffield of Connecticut was the first to put toothpaste into a collapsible tube.

In 1914 came undoubtedly one of the most important breakthroughs in the history of toothpastes – the introduction of fluoride. British Patent GB 3,034 (filed in 1914, patented in 1915) describes ‘Improvements in or relating to dentifrices’ and therein toothpaste formulations containing sodium fluoride among others. It is unclear, however, when the first fluoridated toothpaste was actually sold. Crest toothpaste, introduced by Procter & Gamble in the USA in test markets in 1955 and across the entire USA in 1956, was likely to be first mass-marketed fluoride toothpaste in the world. This launch came after more than 10 years of caries research and largely due to a joint research project headed by Dr. Joseph Muhler at Indiana University. A new toothpaste containing 1,000 ppm fluoride as stannous fluoride and heat-treated calcium phosphate as abrasive was developed. This toothpaste was found to result in a significant reduction in caries occurrence in children in a clinical trial [12]. This was, however, not the first reported caries trial employing fluoride toothpaste. An earlier study by Bibby [13], evaluating the anticaries benefits of several 500 ppm fluoride as sodium fluoride-containing toothpastes in children and adolescents was unable to demonstrate a cariostatic benefit. It is worth noting that new introductions are often seen with a certain degree of skepticism – the American Dental Association (ADA) were initially opposed to fluoride, which can be understood given the poor understanding of fluoride’s toxicity at the time. However, the ADA approved the use of fluoride salts in toothpastes in 1960, paving the way for a global roll-out of fluoride toothpastes.

Jumping back in time, the development of synthetic surfactants after World War II led to the introduction of sodium lauryl sulfate (SLS), which is still the most commonly used surfactant in toothpastes nowadays. But what else happened to toothpastes during the last century? Manufacturers have gradually improved formulations for better fluoride bioavailability, lower abrasivity, better stain removal and breath freshening. Furthermore, toothpastes have become ‘multitaskers’ due to the incorporation of active ingredients in the hope to combat a variety of oral diseases and conditions and to provide cosmetic benefits. Worth mentioning here are antiplaque agents which were largely introduced in the 1980s to control the formation of supragingival plaque and antitartar agents. Several other, more or less anecdotal, references about supposedly therapeu-tic toothpaste ingredients which have been tried and (most of them) forgotten about can be found elsewhere [14]. It must be noted though that enzymes can still be found in some toothpastes nowadays. Supposedly, enzymes support gingival health, whitening, and plaque removal, although there is little scientific evidence to support any of these functions. In Europe, a toothpaste containing glucose oxidase and amyloglucosidase to support the natural antimicrobial activity of saliva and plaque fluid has been successfully marketed.

The development of toothpastes, however, is far from complete. The biggest challenge yet to overcome is the generally poor intraoral substantivity of active agents and most importantly fluoride [15].

Toothpaste Ingredients and Delivery Formats

Toothpastes are perhaps the most complex healthcare product. Typically, an abrasive or mixture thereof is suspended in an aqueous humectant phase by means of a hydrocolloid. In this matrix, surfactants, active (i.e. therapeutic) ingredients, flavor compounds, sweeteners, colorings, preservatives and other excipients are embedded [16].

During brushing, toothpaste slurry will be formed with saliva as the slurry medium and the mechanical aid of the toothbrush. Slurry formation will not only aid in the dispersion of active ingredients in the oral cavity, it will also lower their concentration – the more dilute the slurry, the lower their concentration. Furthermore, saliva will also alter the slurry pH due to its buffering capacity (less so for strongly buffered toothpaste, e.g. NaHCO3 pastes), increase its temperature and allow for saliva components (e.g. Ca, proteins) to react with toothpaste excipients. Why is all this important? An ideal scenario would be the immediate reaction of active ingredients with their specific target site(s) to allow for maximum efficacy. However, this does not occur with toothpastes as the toothpaste needs to be dispersed first to release its active ingredients. And depending on the formulation and perhaps also the toothbrush head geometry and filaments and certainly the person’s brushing technique, this process of distribution of active ingredients in the oral cavity is by no means straightforward. Furthermore, salivary secretion rates and composition further complicate the matter as these vary considerably between individuals [17].

Are toothpastes even the most efficacious means to deliver active ingredients? Most likely, no, they are not. Almost all active ingredients, esp. fluoride and antiplaque agents, are best delivered in a rinse delivery format as toothpaste formulation excipients typically lower their bioavailability. Perfect examples worth mentioning here are cetylpyridinium chloride and chlorhexidine digluconate – both are easily formulated in a rinse, but difficult to formulate into a paste format due to required presence of abrasives, viscosity and rheology modifiers and surfactants. Rinses can be specifically formulated for maximum stability and bioavailability of actives; the larger volume of an applied rinse vs. the mass of a full head of toothpaste also allow for a higher dose and concentration of an active to be applied; interactions with salivary components are comparatively limited as solutions reach their target site without the need of saliva, and, likewise, actives can be delivered at specific pH values as the dilution of rinses with saliva is largely insignificant. But one has to bear in mind that tooth brushing is the most common form of oral hygiene in the world and the most efficient means to physically remove plaque. Furthermore, toothpastes can be formulated in the absence of water, i.e. in a non-aqueous base, allowing excipients and active ingredients to be incorporated that cannot be incorporated into a rinse. Also, changing oral care habits by introducing pre- or postbrushing rinses would mean to revolutionize the world of oral care which will likely prove an improbable task, given the historic role of tooth-pastes. Hence, every effort should be taken to optimize the delivery of actives from toothpastes – from both manufacturers and researchers alike.

Active Ingredients

Therapeutic agents will be discussed in greater detail in the forthcoming chapters. Hence, the information provided here should be seen as a brief summary.

Fluorides

Depending on the country’s or region’s specific legislation, several fluoride compounds can be utilized and at various concentrations. As the legislation varies considerably between countries, only information from the EU [18] and the USA [19], as two important oral care markets, are presented here.

In the EU, fluoride compounds are regulated as a cosmetic, and a total of 20 different compounds are permissible (table 1). Mixtures of several fluoride compounds are allowed, providing the maximum concentration of fluoride does not exceed 1,500 ppm. Rather interestingly, several of the permissible fluoride compounds (e.g. CaF2, MgF2) are only sparingly soluble.

In the USA, fluoride compounds are regulated as a drug and far fewer compounds are permissible (table 2).

Mixtures of various fluoride compounds are not allowed, and unlike in the EU, toothpastes are required to contain a certain level of (bio) available fluoride which depends on the fluoride compound. The rationale behind these requirements is sound and reflects what is known about the effectiveness of fluoride – fluoride has cariostatic properties only when present in its ionic form. The differences in minimum concentrations between fluoride compounds are likely due to historic reasons (these guidelines were put together after a 25-year-long process in 1995) – abrasives were of poorer quality than nowadays and used to contain a certain level of metal impurities (e.g. Ca, Mg, Al) which will reduce the concentration of soluble fluoride in formulation over time and especially in those formulations containing NaF. Likewise, SnF2 is not formulated in the presence of calcium pyrophosphate anymore due to the poor compatibility of both ingredients. Toothpastes containing Na2PO3 F can be formulated with literally any abrasive due the excellent compatibility of the monofluoropho sphate ion with e.g. Ca-containing abrasives. Consequently, the requirements for available fluoride for toothpa stes containing Na2PO3 F are somewhat stricter.

The Federal Drug Administration also introduced ‘testing procedures for fluoride dentifrice drug products’ which manufacturers of oral care products containing fluoride are required to adhere to. Any new fluoride toothpaste is required to be at least equivalent to its relevant United States Pharmacopeia reference standard in the animal caries reduction test, and either the enamel solubility reduction or the fluoride enamel uptake tests. While these tests provide some assurance of predicted clinical effectiveness, they can now be questioned for their scientific merit and should be replaced with more accurate surrogate measures of clinical efficacy, such as laboratory pH cycling models capable of demonstrating a fluoride dose-response as a minimum standard [see Tenuta and Cury, this vol.].

Legislative differences exist between maximum permissible fluoride concentrations in toothpastes for adults and children under the age of 6 years. In the EU, the latter can contain a maximum of 1,500 ppm fluoride, although fluoride concentrations vary considerably between toothpastes (250-1,500 ppm fluoride) intended to be used by children aged 6 years and lower. In the USA, the maximum permissible fluoride concentration is 1,150 ppm for ages 2 years and up with little variation in fluoride concentration among products from major brands due to the drug status of fluoride compounds in toothpastes.

In almost all other parts of the world, only three fluoride compounds can be found in tooth-pastes – NaF, Na2PO3F or SnF2 – presumably because most markets are dominated by the same companies as in the EU and USA.

Table 1. Fluoride compounds approved for the use in cosmetic products in the EU (in alphabetical order by substance name) [18]

[image: Img]

Table 2. Fluoride compounds approved for the use in toothpastes in the USA (in alphabetical order by substance name) [19]

	
Substance
	
Permissible theoretical fluoride concentration, ppm
	
Minimum available fluoride concentration, ppm

	
Sodium fluoride
	
850-1,150
	
650

	
Sodium monofluorophosphate
	
850-1,150 or 1,500
	
800 or 1,275

	
Stannous fluoride
	
850-1,150
	
700 or 290 for products containing calcium pyrophosphate



Antiplaque/Antigingivitis Agents

The most commonly used and scientifically supported antiplaque/antigingivitis agents in toothpastes are triclosan, stannous chloride/fluoride and zinc citrate/chloride.

Triclosan [IUPAC name: 5-chloro-2-(2,4-dichlorophenoxy)phenol] was introduced in combination with Gantrez ® (copolymer of methylvinyl ether and maleic acid) with the latter claimed to enhance the intraoral substantivity of triclosan [20]. It is typically used at a concentration of 0.3% w/w and Gantrez at 2% w/w. Triclosan is classified as ‘very toxic to aquatic life with long lasting effects’ according to The Globally Harmonized System of Classification and Labelling of Chemicals and has, consequently, come under more scrutiny in recent years. The EU’s Scientific Committee on Consumer safety, having reviewed the issue of antimicrobial resistance, supports the continued use of triclosan in cosmetics. Due to its chemical nature, triclosan can migrate into the plastic, thereby requiring good quality packaging material to sustain availability. Triclosan has also been reported to have a direct anti-inflammatory effect on the gingival tissues [21].

Stannous fluoride has been used extensively in the past and was revived several years ago and on a more holistic scale by two manufacturers. Formulations containing a combination of stannous fluoride and stannous chloride have been introduced with the aim to increase the stannous concentration as the amount of stannous from stannous fluoride is limited by the permissible fluoride concentration. The stannous chemistry is complex as several species form upon hydration of stannous fluoride or its reaction with the dental hard tissues. Due to the reactive nature of the tin(II) ion, it has to be stabilized in a formulation to prevent it from being oxidized [to tin(IV); i.e. stannic] and consequently become insoluble and ineffective. Stannous salts require low pH formulations and the presence of sodium gluconate and/or olaflur (amine fluoride), which will act as chelators, for optimum stability. Stannous has often been linked to extrinsic staining, but improved formulations (e.g. use of polyphosphates) have largely overcome this issue.

Zinc salts have been used in combination with triclosan or stannous salts or on their own. The two most commonly used salts are zinc citrate and zinc chloride. The citrate salt is only sparingly soluble, whereas the chloride is readily soluble. Zinc salts are astringent and their metallic taste is difficult to mask. Zinc chloride is typically formulated with molar excess of sodium citrate as it would be unpalatable otherwise. Zinc salts are incompatible with phosphates due to their poor solubility. Zinc citrate is used up to 2% w/w, whereas zinc chloride’s upper limit is approx. 0.5% w/w.

More recently, o-cymen-5-ol (INCI name; IUPAC name: 4-isopropyl-m-cresol; systematic name: 4-isopropyl-3-methylphenol, or more commonly IPMP), an antimicrobial and anti-inflammatory agent, has been introduced by several manufacturers either alone or in combination with zinc salts.

Antimalodor Agents

Antimalodor agents typically rely on the chemical reaction with volatile sulfur compounds (VSCs) such as methyl mercaptan and hydrogen sulfide. The above-mentioned zinc salts are most commonly used as zinc does not only possess antimicrobial properties. Zinc is also capable to react with VSCs, thereby turning them into non-volatile zinc salts (zinc sulfide is one of the least soluble compounds) [22].

Antitartar/Anticalculus Agents

Calculus is defined as ‘a concretion usually of mineral salts around organic material found especially in hollow organs or ducts’ [23], whereas tartar is defined as ‘an incrustation on the teeth consisting of plaque that has become hardened by the deposition of mineral salts’ [24]. Hence, only the term tartar will be used hereafter. Antitartar agents are essentially apatite crystal growth inhibitors and aid in the removal and prevention of supragingival plaque. These agents basically act as ‘crystal poisons’ and prevent further growth of apatitic or other calcium phosphate phases [25]. The most common ones are condensed inorganic and organic phosphates, either linear or cyclic in structure. Among these, sodium or potassium salts of the pyrophosphate, tripolyphosphate or hexametaphosphate ion are most often found in toothpastes (used at 5-12% w/w). These formulations are typically high in pH to prevent hydrolysis of the condensed phosphate. Also, zinc salts are being utilized as well, but not in combination with condensed phosphates (the resulting zinc phosphate is insoluble and inactive), as these too act as crystal growth inhibitors. Antitartar formulations typically exhibit higher flavor contents to mask the taste of the condensed phosphate.

Whitening Agents

Formulation ingredients for enhanced extrinsic stain removal and prevention can be divided into mechanical, chemical and optical whitening agents, depending on their mode of action. Most chemical whitening agents are condensed phosphates (see above) with the exact same salts being utilized not only for antitartar benefits, but also for enhanced stain removal and prevention. It has been shown that these agents are capable of displacing pellicle proteins and pellicle-bound stains and prevent the de novo adhesion of new stain molecules [26-28]. Others worth noting are enzymes, such as papain and peroxides (see next paragraph), although the scientific evidence to support a whitening action for either delivered from toothpaste is somewhat dubious. Mechanical whitening agents rely on the physical removal of extrinsic stains. Here, most commonly abrasives with different morphology, mean particle size and hardness compared to conventional abrasives (see separate chapter) are being utilized. Toothpaste formulations typically contain a combination of chemical and mechanical whitening agents due to (likely) synergistic effects. Recently, toothpaste containing blue covarine (a frequently used optical brightener) was launched. Blue covarine is said to adhere to the tooth surface, thereby changing the optical properties of the teeth and not only perceivably but also measurably whitening teeth [29].

Intrinsic stain removal is difficult to accomplish with toothpastes as the chemical as well as mechanical whitening agents are limited to the removal of surface-bound stains. While toothpastes with hydrogen peroxide (to bleach enamel, thereby oxidizing intrinsic stain molecules and consequently changing their absorption spectra to become invisible to the naked eye) have been marketed, their efficacy is debatable to say the least. Hydrogen peroxide is difficult to stabilize in toothpaste formulations and the concentrations found (approx. 1% w/w) combined with the short treatment period are unlikely to provide a significant intrinsic whitening benefit. Hence, these toothpastes often also contain chemical and mechanical whitening agents with the addition of hydrogen peroxide being more or less a marketing ploy. In Europe, only 0.1% H2O2 is allowed.

Agents for the Relief of Dentin Hypersensitivity

The relief of dentin hypersensitivity can be accomplished in different ways – through nerve desensitization and/or physical blockage (‘plugging’) of dentinal tubules (occlusion) [30]. Nerve desensitization can be accomplished by potassium salts, such as the citrate and nitrate. These salts are typically used at relatively high concentrations (approx. 5% w/w), which negatively impacts on the taste of toothpastes (bitterness). Despite their widespread use, the scientific evidence to support their efficacy is still being debated [31]. Several compounds are being used for tubule occlusion: strontium salts (acetate, chloride), stannous fluoride, and more recently calcium sodium phosphosilicate (‘bioglass’) and ar-ginine bicarbonate in combination with calcium carbonate. While their mode of action is somewhat different, all these agents have been reported to occlude dentinal tubules [32-35]. However, several compromises have to be made when formulating these agents – strontium salts are being used at high concentrations (approx. 8% w/w), which limits fluoride bioavailability due to the low solubility of strontium fluoride (taste is another issue), stannous has already been discussed (see above), calcium sodium phosphosilicate requires a non-aqueous formulation, thereby limiting fluoride efficacy, and the arginine formulation requires the use of sodium monofluorophos-phate due to the required presence of calcium carbonate.

Erosion Prevention Agents

Only recently, toothpastes claiming to combat dental erosion have been introduced. The lack of reliable clinical indices to measure the progression of erosion in vivo meant that these toothpastes were developed primarily using in vitro and in situ models with highly controlled, standardized and perhaps also biased conditions. The philosophy to combat erosion can almost be divided by manufacturer – some argue that an optimized delivery of sodium fluoride to enhance remineralization of an early erosive lesion is the best strategy [36, 37], whereas other manufacturers utilize the reactivity of stannous fluoride and/or chloride with the enamel and dentin surfaces to form a protective layer on the dental hard tissues [38-40]. While manufacturers have been able to produce encouraging data, the scientific evidence to support either strategy remains to be established in longitudinal in vivo studies and especially in populations most prone to this condition.

Other Noteworthy Active Ingredients

Several supposedly anticaries agents have and are being utilized in toothpastes. Among these are calcium glycerophosphate (CaGP) [41], xylitol [42], isomalt [43] nano-hydroxyapatite (primarily in Japan) [44], sodium trimetaphos-phate [45] and co-called remineralizing agents (e.g. ‘enamelon’ technology, CPP-ACP) [46, 47] which will be addressed separately. CaGP and nano-hydroxyapatite cannot (or should not!) be formulated with sodium fluoride in a single-phase formulation due to poor fluoride bioavailability. Dual-phase formulations, i.e. two formulations which come in contact with another when dispersed, are one route to avoid ingredient incompatibilities, but are generally avoided by manufacturers due to considerably higher costs. Furthermore, the clinical benefit of co-delivery of incompatible actives from dual-phase formulations has not been fully investigated yet, although one study [see 55] highlighted some benefits.

Formulation Excipients

Whereas the above-discussed active ingredients are largely responsible for the therapeutic benefits of toothpaste, toothpaste would not be toothpaste without the below discussed excipients.

Abrasives

Abrasives are the most traditional toothpaste excipient and contribute secondarily to toothpaste rheology. During brushing, abrasive particles can become trapped between toothbrush bristles. As these particles are harder than the stain but softer than sound enamel, stain can be removed without causing significant damage to the tooth surface [48]. The abrasives used in toothpastes include hydrated silica, calcium carbonate, dicalcium phosphate dihydrate, calcium pyrophosphate, sodium metaphosphate, alumina, perlite, nano-hydroxyapatite and sodium bicarbonate. The abrasive cleaning process is affected by various key parameters, such as particle hardness, shape, size, size distribution, concentration and applied load during brushing. Furthermore, toothbrush filament diameter and shape also impact on how abrasive particles are being dragged across the hard tissue surface. The amount of abrasive to be used in a formulation does not only depend on the type but also on the level of cleaning ability one wants to achieve. Hydrated silica and calcium carbonate are the most common abrasives and are typically used at concentrations ranging between 8 and 20% w/w, whereas sodium bicarbonate can be used in excess of 50% w/w. While the latter is the least abrasive material for cleaning teeth, it adds a salty taste to toothpaste and negatively impacts on foaming. Dicalcium phosphate dihydrate and calcium pyrophosphate are also being utilized, but, in addition to calcium carbonate, cannot/should not be formulated with sodium fluoride due to poor fluoride bioavailability. Hydrated silica is the abrasive of choice in clear gel type formulations as a refractive index of approx. 1.45 of the final product is required. Alumina and perlite are polishing agents. Due to their high abrasivity on enamel, however, they are only used at low concentrations (approx. 1-2% w/w) and in combination with conventional abrasives and/or chemical whitening agents. The ‘holy grail’ for manufacturers of abrasives and toothpaste manufacturers alike is to make toothpastes that clean well while being virtually nonabrasive to the dental hard tissues and especially dentin.

Surfactants

Surfactants are not only responsible for the foaming action of toothpastes, they also aid in the intraoral dispersion of toothpaste and in the micellization of hydrophobic ingredients, such as flavor compounds and organic antiplaque/antigingivitis actives (e.g. triclosan). Depending on the nature of the hydrophilic part of the surfactant molecule, they can be classified as anionic, cationic, nonionic or amphoteric. This moiety also determines the surfactant’s irritancy with, generally speaking, anionic and cationic surfactants being considerably more irritant than amphoteric and non-ionic ones which are the least irritant [see 49 for more detail]. Overall, very few different surfactants are being used by major toothpaste manufacturers, primarily due to taste and cost reasons. Surfactants are typically used at concentrations ranging from 0.5 to 2.5% w/w. The most commonly used surfactant in toothpastes, SLS (IUPAC name: sodium dodecyl sulphate) belongs to the group of anionic surfactants. Other anionic surfactants used in toothpaste formulations belong to the group of sarcosinates, e.g. sodium lauroyl sarcosinate (IUPAC name: sodium 2-[dodecanoyl(methyl)amino]acetate) and sodium cocoyl sarcosinate (IUPAC name: sodium 2-(methylamino)acetate). The most common amphoteric surfactant is cocamidopropyl betaine (IUPAC name: {[3-(dodecanoylamino)propyl] (dimethyl)ammonio}acetate), which has not been linked with canker sores but does not foam as well as SLS. Toothpastes containing amine fluoride such as olaflur typically do not contain added surfactants as the amine cation functions as surfactant molecule and therefore aids the intraoral dispersion of fluoride. Nonionic surfactants are currently not being utilized in toothpaste but in mouthwash formulations due to their poor foaming ability. Combinations of several different surfactants, most often SLS and cocamidopropyl betaine, are being used when an enhanced foaming action is desired (formation of mixed micelles) [50].

More recently, some manufacturers have moved away from SLS and introduced other, less irritant surfactants with similar foaming ability. Among those are the groups of non-ionic polyethylene glycol ethers of stearic acid (e.g. Steareth-30) and anionic alkyl sulfonates (e.g. sodium C14-16 olefin sulfonate, sodium C14-17 secondary alkyl sulfonate).

Viscosity and Rheology Modifiers

The primary function of viscosity and rheology modifiers is to produce a gel phase containing a homogeneous distribution of all toothpaste ingredients and to prevent the components from separating during long periods of storage. Separa-tion is often referred to as syneresis which is defined as the spontaneous separation of a liquid from a gel or colloidal suspension [51]. The viscosity and rheology modifiers will also contribute to viscosity build and are responsible for an easy but not too rapid flow of toothpaste from the tube and a clear break rather than stringy appearance when applied to a toothbrush and a good ribbon stand-up. The most common viscosity and rheology modifiers are carboxymethylcellulose, hydroxyethylcellulose, carrageenan, xanthan gum, cellulose gum, and crosslinked polyacrylates which are being used at concentrations ranging between 0.5 and 2.0% w/w. Additionally, thickening silicas (used at approx. 10% w/w) are often being used to aid in viscosity build-up and as a processing aid. These silicas differ from those used as abrasives due to their higher structure and very low cleaning ability.

Humectants

Humectants are being used to avoid water separation and evaporation (‘capping-off’, i.e. drying out of paste at the dispensing point is one of the major issues), to provide a smooth and glossy appearance, and to provide a homogenous delivery system. Glycerin and sorbitol are the most commonly used compounds for this purpose and primarily based on their compatibility with other formulation excipients and raw material cost. Glycerin and sorbitol are used in combination as an all-sorbitol formulation would still suffer from ‘capping-off’ and a stringy appearance, whereas an all-glycerin formulation would not allow the use of rheology and viscosity modifiers, thereby raising the risk of separation of ingredients during long-term storage. Hence, manufacturers often settle for formulations containing water, glycerin and sorbitol. A non-aqueous formulation is not desirable due to the high cost and limitations in fluoride delivery/efficacy. Humectant concentrations in toothpastes are typically between 20 and 30% w/w with the majority being sorbitol. Toothpaste formulations in pumps rather than tubes contain higher humectant concentrations due to increased risk of ‘capping-off’. In addition to glycerin and sorbitol, propylene glycol, xylitol, isomalt and erythritol are being used as humectants.

Flavors

Flavors are added primarily for cosmetic/palatable reasons. They mask the often unpleasant taste of surfactants, provide breath freshening and sensorial cues such as cooling, heating or tingling, depending on the flavor compound being used. Universally, mint flavors are most commonly used, but others such as herbal, cinnamon or lemon are also found in local markets. Flavors are the most expensive and most volatile excipient and can be used at concentrations between 0.3 and 2.0% w/w. Surfactants are primarily responsible for dispersion of flavors in toothpastes.

Sweeteners

Sweeteners are added to toothpastes to improve their taste. All commonly used sweeteners are artificial and the majority of toothpaste manufacturers utilize either sodium saccharin or, albeit rarely, sucralose. Typically, sweeteners are used at concentrations below 0.5% w/w. Xylitol (typically used at approx. 10% w/w) can also be considered a sweetener, although its main and still discussed purpose is caries prevention.

Coloring

The color of toothpaste is important for consumer acceptability. The majority of manufacturers desire a white paste which can be combined with various colored stripes to suggest multiple benefits. Whiteness is achieved by adding titanium dioxide (approx. 1% w/w), whereas artificial colorants (approx. 0.1% w/w) are added to realize colored stripes or a colored core.

Stripes can be introduced in different ways. The two most common forms are (a) filling a single compartment tube simultaneously with striped cores of the same paste, or (b) filling one or more striped core into different compartments of the tube. Different nozzle designs then allow for striped toothpaste of varying proportions of colored to white cores.

As mentioned above, clear toothpastes (refractive index of approx. 1.45) are achieved by the choice of abrasive (silica) and a certain humectant/water ratio which will also depend on other excipients.

Preservatives

Toothpaste formulations that do not contain an ionic surfactant are often formulated with preservatives (approx. 0.2% w/w) to prevent bacterial growth during long-term storage. The most commonly used preservatives are sodium benzoate, ethyl and methyl paraben. Few formulations contain preservatives nowadays, as growth of microorganisms is usually prevented in formulations with high humectant levels due to the high osmotic pressure in the aqueous phase. Furthermore, anionic surfactants are inherently antimicrobial and flavor compounds also contribute to stability.

Water

Undoubtedly, the cheapest excipient which manufacturers strive to maximize in toothpaste formulation – water – is an important solvent for inorganic active ingredients and most importantly fluorides. Water needs to be purified first to remove calcium and trace elements that could lower the stability and bioavailability of active ingredients. Non-aqueous formulations have the disadvantage that inorganic active ingredients are present in their solid state and need to be solubilized by saliva first before they can interact with their target tissue(s). Hence, water is an important excipient.

Other Excipients

Mica (part of the phyllosilicate mineral family) is used for its sparkle and polishing ability in toothpastes. Sodium hydroxide is used for pH adjustment, ethanol as a solvent and polyethylene and polypropylene glycols are used as humectants, dispersants and to keep xanthan gum uniformly dispersed in toothpastes. Other noteworthy excipients (which are often attributed ‘efficacy’ by some manufacturers despite being unsubstantiated due to the lack of credible evidence) are vitamins C and E as antioxidants and allantoin for ‘gum health’, enzymes (e.g. glucose oxidase, lactoferrin, lactoperoxidase, lysozyme) for the prevention of plaque growth and herbal extracts for their antimicrobial properties.

Delivery Formats

The most traditional toothpaste delivery format is the tube. Toothpaste in pumps is also available, but due to higher formulations and production costs and the greater likelihood of ‘capping-off’, pumps are not preferred among manufacturers. Formulations of lower viscosity are delivered in stand-up tubes for easier dispensing. Recently, one manufacturer introduced gel-to-foam products delivered in a can. The formulations contain isopentane which, because of its low boiling point, supposedly aids in the intra-oral dispersion of actives.

Almost all commercial toothpastes nowadays are sold in single-phase tubes. Dual- or multiple phase tubes can be utilized when several incompatible ingredients are to be used that would otherwise chemically react and lower an active’s bioavailability in a single-phase tube. A typical example would be the co-delivery of calcium and fluoride salts.

Safety Issues Relating to Toothpaste Ingredients

Perhaps the biggest concern about fluoride toothpastes is fluoride toxicity through accidental or deliberate ingestion. The ‘probably toxic dose’ of fluoride has been estimated as 5 mg/kg body weight [52]. This would equate to 33.3 g 1,500 ppm fluoride toothpaste (roughly 1/3 of a 75 ml tube) for a child with a body weight of 10 kg. On the other end of the spectrum, one has to consider the ‘upper limit for fluoride intake by children’ [53] where accidental/deliberate swallowing of fluoride toothpaste during brushing is the main contributor to fluoride intake.

The American Academy of Pediatrics proposed a daily fluoride dose of between 0.05 and 0.07 mg fluoride/kg body weight/day as an upper limit [54], which would equate to 0.3 g 1,500 ppm fluoride toothpaste, not considering other sources of fluoride intake, of course. In adults, a tolerable upper intake level of 10 mg fluoride per day was recommended by the US Institute of Medicine (6.6 g 1,500 ppm fluoride toothpaste) [55]. A recent review [56] concluded that ‘weak unreliable evidence that starting the use of fluoride toothpaste in children less than 12 months of age may be associated with an increased risk of fluorosis. The evidence for its use between the age of 12 and 24 months is equivocal. If the risk of fluorosis is of concern, the fluoride level of toothpaste for young children (under 6 years of age) is recommended to be lower than 1,000 ppm’.

A further safety concern is related to the most commonly used surfactant, SLS, which has been linked with the occurrence of aphthous ulcers (‘canker sores’) [57, 58]. The leading toothpaste manufacturers still continue to utilize SLS, however, because of its desired foaming ability, acceptable taste and (especially) low cost in relation to other surfactants. Only very few currently marketed toothpastes contain a surfactant other than SLS.

More anecdotal at this moment in time are case reports on mucosal sloughing in relation to the use of antitartar and chemical whitening toothpastes [59]. The high pH of these formulations in combinations with higher flavor contents can ostensibly irritate mucous membranes.

Toothpastes – A Missed Opportunity?

Are fluoride toothpastes more effective than their counterparts 20-30 years ago? What advances have been made in fluoride delivery over the last few decades? Do we fully understand intraoral fluoride delivery and how to optimize it? These are perhaps the most pertinent questions manufacturers and researcher alike should ask themselves. Undoubtedly, our understanding of fluoride delivery has improved considerably since its introduction, but enhancing fluoride substantivity is still the biggest obstacle in reducing the prevalence of dental caries.

Manufacturers, perhaps driven by consumer demand, have gradually moved away from dental caries and introduced several other purposes of toothbrushing over the last few decades – most importantly whitening, but also treatment and prevention of gingivitis, erosion and/or dentin hypersensitivity, breath freshening, etc. Formulations had to be optimized to deliver these benefits (e.g. water content, pH), with manufacturers perhaps sometimes unaware of the effect on fluoride delivery. Understandably, not every new formulation can be tested in a caries clinical trial. But rigorous testing should be conducted to protect the public from products that do not provide a clinically meaningful benefit. Typical examples would be non-fluoride toothpastes marketed with anticaries claims that are not supported by credible scientific evidence or fluoride toothpastes with poor fluoride bioavailability. A joint effort from manufacturers and researchers is therefore required to not only improve fluoride delivery, but also to develop unbiased models that predict the likely clinical outcome [see Tenuta and Cury, this vol.].
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