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1. Abstract  

This review explores the physical, chemical and structural properties of key components of 

oral care products, whilst looking at the challenges which need to be overcome to continue to improve 

the efficacy of oral care, and improve dental health. Oral care has been an essential part of all 

populations and cultures around the world for thousands of years. To maintain good oral health, 

dental plaque causing bacteria and malodour must be controlled whilst also strengthening and 

protecting the teeth to prevent dental caries. Advanced modern formulations need to provide 

controlled and extended release of ingredients vital for dental health. With modern day products such 

as toothpastes and mouthwashes, it has never been easier to maintain good oral hygiene and health, 

yet the incidence of dental caries is still on the rise. The complex formulations of modern toothpastes 

and mouthwashes makes them one of the most sophisticated pharmaceutical products on the market 

today. The demands of the consumer coupled with the complexity of the oral cavity make it one of 

the most challenging development processes.  
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2. Introduction 

Over the last 100 years, advances in oral care have improved the oral health of millions of 

people across the world. However, incidences of dental caries and oral diseases are on the rise due to 

the increase in availability of sugary foods as well as an increase in the consumption of acidic drinks 

[1]. The change in our diets has led to an increase in dental erosion and allows the oral microbial flora 

to thrive.  

The diverse oral microbial flora is home to more than 700 types of bacteria species or 

phylotypes [2]. Of these, some of the bacteria present form sticky biofilms known as dental plaque 

which forms on the surface of teeth and around the gum line [3]. The removal of this plaque from the 

tooth’s surface and the reduction of bacteria which produce acids capable of eroding enamel and mal 

odour is key to maintaining a healthy and fresh feeling mouth [4]. If teeth are not cared for properly 

then acid erosion and plaque staining will occur leading to cavities, tartar build up and sensitive teeth. 

More efficient ways to reduce dental decay and disease are needed [5]. To overcome these issues, 

extensive research of toothpaste and oral care products has been carried out leading to a well-

developed understanding of how these products work and interact through chemical, mechanical and 

physical factors. The huge and ever-expanding market for oral care products has led to continued 

development and research of formulations and novel materials such as enzymes [6-7]. The ability to 

treat and prevent minor dental diseases such as gingivitis, oral thrush and bacterial causing throat 

infections, as well as better management of mouth ulcers and gingival (gums) healing after dental 

surgery, have made the maintenance of a good oral health care routine for millions easier. This paper 

will look at some of the key physical components of oral care products and how they are responsible 

for improving and maintaining oral health and how they make up the physical properties of the 

formulations. 

 

2.1 Oral Cavity 

While looking at oral care products, it is first important to understand the oral cavity. The 

anatomy of the oral cavity has been thoroughly investigated and a great deal of information is known 

[8]. As this is the case, this review will only briefly focus on the parts relevant to the subject. The oral 

mucosa itself is a moist membrane that is mainly composed of stratified squamous epithelium which 

overlays a connective tissue proper or a Lamina Propria [9]. The oral mucosa can be divided into three 

categories based on histology and their function within the oral cavity. Firstly, the masticatory mucosa 

is the keratinized mucosa that covers the hard palate and gingiva. The need for a stronger and more 

rigid masticatory mucosa is due to the abrasive and mechanical forces used during the masticatory 

processes [10].  Any damage to the masticatory mucosa increases the risk of infection from foreign 

bacteria and pathogens present in food and other objects that enter the mouth. In contrast, the lining 

mucosa is non-keratinized and covers a much larger percentage of the oral cavity than the other 

mucosa types. This non-keratinized mucosa can again be broken down into subcategorized tissues 

such as the labial mucosa which is located in the lining of the lips and buccal mucosa which is found in 

the lining of the cheeks and the floor of the mouth. The third type of oral mucosa is the specialized 

mucosa which covers the dorsum of the tongue. The dorsum of the tongue is a combination of both 



lining and masticatory mucosae which contains nerve endings for taste perception and sensory 

reception. These salivary glands secrete a slimy viscoelastic material known as saliva which is mainly 

composed of water and mucins [11]. This mucus has a variety of roles from helping to create a layer 

over the gingiva and oral cavity to protect against abrasions and pathogens as well as providing 

lubrication for masticatory processes [12-13]. Lingual papillae are small structures located on the 

surface of the tongue. These structures give the tongue a rough texture which aids in the consumption 

of food. There are four types of lingual papillae located on the tongue: filiform papillae are small cone 

shaped, keratinised papillae and the most numerous papillae that cover the dorsal surface and are 

responsible for the tongue’s sensation of touch; fungiform papillae are covered by non-keratinised 

mucosa and are located at the front of the tongue and contain taste buds and temperature receptors; 

foliate papillae are short symmetrical vertical folds located on the sides at the rear of the tongue are 

covered by non-keratinised mucosa and contain taste buds; circumvallate papillae are round dome 

shaped structures at the back of the tongue near the tonsils which contain hundreds of taste buds and 

are surrounded by serous secretion from the Von Ebner’s glands. 

Teeth are critical in the digestive process as they are needed to chew and break down food that enters 

the mouth, reducing the surface area of the substance to aid swallowing and digestion and to reduce 

the risk of choking. They also play an important part in speech and communication through facial 

expressions [14]. Initially humans are born without teeth as mammals nurse their young, offering a 

selective advantage. Throughout their lifetime, humans will have two sets of teeth. The first set known 

as the deciduous teeth which develop around the age of 6 months and the second set known as the 

permanent teeth which form from roughly the age of 12. The reason for this is that as the human body 

grows and develops the deciduous teeth do not continue to grow and need to be replaced by a larger 

set.  

The average adult has four types of teeth in their oral cavity (Figure 1). The incisors are located 

at the front of the mouth and, as the name suggests, they are for biting/cutting into food during the 

first bite. The canines are the sharpest teeth in the mouth and are used for tearing food. Due to the 

premolars large surface area and flat biting surface, they are efficient at tearing and grinding food 

helping to turn solid bits of food into an easy-to-digest paste.  



  

Figure 1. The positioning of mucosal surfaces and the 32 teeth present in an average adults’ mouth. 
Reproduced from (Cook et al., 2017) [10] with permission from Elsevier. 

The tooth is composed of three sections; the crown, neck and root (Figure 2). The root section 

of a tooth contains a complex network of nerves and blood vessels which stretch through the jawbone 

into the pulp chamber located in the centre of the tooth. The neck of the tooth is at the middle of the 

roots and crown surrounded by the gingiva. The crown of the tooth is the enamel covered top which 

is visible above the gingiva margin. Enamel is the highly mineralised white substance that protects the 

softer inside of the tooth. It is the hardest substance in the human body and has the highest 

percentage of minerals present although it is susceptible to erosion from acid and from a build-up of 

bacteria. To provide adequate protection to the soft dentin and nerves inside a tooth, the enamel 

layer can be as thick as 2 mm [15]. Enamel is made from 96% inorganic material including calcium 

hydroxyapatite (Ca5(PO4)3(OH)) [16-17]. 



 

Figure 2. A cross-section of a tooth showing the key features and components 

  

2.2 Bacteria and plaque formation 

The oral cavity has a very diverse bacterial flora that inhabits it. Dewhirst et al have reported that over 

700 different bacterial species or phylotypes have been discovered living within the oral cavity forming 

a bacterial biofilm coating all the surfaces present [18]. Most of the microorganisms that make up this 

oral biofilm play a role in protecting the body from outside stimulations [19]. However, this is not 

always effective and an imbalance of the microbial flora or invasion by a foreign body can occur leading 

to diseases and infections. Although most of the bacteria present pose no risk to the surrounding 

mucosal surfaces or the mineral rich teeth, some species have been linked to systemic diseases such 

as aspiration pneumonia, cardiovascular disease, some types of cancers and diseases of the oral cavity 

such as oral thrush, dental caries and gingivitis [19-24]. Continued research in this area has shown that 

the bacteria in our mouth play a much bigger role in maintaining our overall health and wellbeing, 

with the effects of foreign bacteria not just being localised to the oral cavity but having an effect on 

the whole body [19]. 

As the focus of this review is on oral care products such as toothpastes and mouth washes, details of 

how oral bacteria colonise the tooth’s surface and how the acid they produce damages the enamel 

surface of teeth will be the main focus of this section. The most common bacteria associated with 

dental caries is Streptococci mutans (S. mutans) which is present in everyone’s oral cavity from a very 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Dewhirst%20FE%5BAuthor%5D&cauthor=true&cauthor_uid=16272510


young age [25-26]. Dental caries as a whole are not caused solely by the bacteria, but by a series of 

processes. Food debris and mechanical damage also contribute to cavities, but acids produced by 

bacteria are the most common causes of dental plaque and dental caries [26]. 

Dental plaque, a soft sticky film that builds up on the tooth surface, particularly around the gum line, 

is produced via multiple steps (Figure 3). The first step involves the attachment of bacteria to the 

acquired pellicle. Immediately after the teeth have been cleaned, an acellular layer is formed when 

salivary glycoproteins, lipids, mucin, exoproducts (any exocellular product) and phosphoproteins form 

on the cleaned enamel surface [26]. In stage 2, as reported by Fachon-Kalweit et al. Streptococcus 

sanguinis (S. sanguinis) form weak, reversible van der Waals bonds, providing the initial foothold for 

the bacteria to start colonising the tooth surface [27]. If the bacteria are not removed, they are able 

to anchor themselves to the hydroxyapatite surface using pili (hair like appendages that are located 

on the surface of certain types of bacteria). In Stage 3, organisms that were not able to initially attach 

to the pellicle start to irreversibly adhere to the first layer of bacteria on the tooth’s surface via 

adhesion-receptor interactions [28]. The bacteria that have bonded, start to replicate forming 

microcolonies. In stage 4, the early colonisers have now become well established. Due to this, the 

colony of bacteria now known as dental plaque, becomes increasingly complex as more oxygen is 

consumed by the ever-growing number of bacteria present [29-30]. The high demand for oxygen leads 

to anaerobic zones being created. The continued maturation of the bacteria eventually leads to a 

decrease in the rate at which cell division occurs as the demand for food needed for growth outpaces 

the supply and space on the oral surface becomes limited. Eventually, a pseudo steady-state climax 

community is formed [31]. By now, a thick layer of dental plaque is visible. In the final stage, the bonds 

holding these microorganisms to the tooth can be reversed by enzymes or mechanical forces, and the 

microorganisms are able to spread throughout the oral cavity and will begin the cycle again by 

colonising new surfaces as these biofilms are able to form on any surface inside the oral cavity [32].  

 

 

Figure 3. A) Attachment of bacteria to oral surface via reversible adhesion. B) Formation of weak 
covalent and ionic bonds by the bacteria to secure their position on the surface. C) Development of 
biofilm clusters as bacteria start to grow, divide and congregate with other bacteria. D) Biofilm in a 



pseudo steady-state. E) Bacteria and biofilm detach from surface and is dispersed beginning the cycle 
again.  

2.3 Tooth decay 

Tooth decay (also known as dental caries or cavities) is a progressive, multifactorial disease in which 

the surface structure of a tooth decays over time. This is caused by the irreversible solubilisation of 

hydroxyapatite by the acids that are produced by the bacteria during their metabolic processes. This 

is exacerbated by the increased intake of sugary foods, drinks and by sustained poor oral hygiene [33]. 

Although tooth decay is less prevalent than it was in previous decades due to better oral hygiene of 

the global population and the addition of fluoride compounds into most toothpaste formulations, our 

changing diets, habits and longer life expectancies mean that dental caries persist. The development 

of dental caries is not an overnight occurrence as the process of demineralizing and breaking down 

the enamel surface occurs throughout a person’s lifetime [33-34].  

In the initial stages of tooth decay, there are no symptoms other than the white spot lesions (WSL) 

which are observable on the enamel surface. These localised WSLs occur due to a subsurface enamel 

demineralization located on the smooth surfaces of the teeth [35-36]. These lesions occur where there 

is a prolonged exposure to plaque which has accumulated on the surface and has not been disturbed 

for long periods of time [37-38]. Exposure to the acids produced by the plaque bacteria leads to the 

demineralization and decalcification of the enamel surface. Demineralization of tooth enamel occurs 

at pH 5 – 6 [39]. The critical pH is the pH at which the saliva and plaque fluid are not saturated with 

phosphate and calcium allowing hydroxyapatite in the enamel to dissolve [40]. A pH of 5.5 is 

considered the critical pH for enamel.  

However, WSL are not only caused by demineralization. Fluorosis from excessive fluoride ingestion as 

teeth develop, enamel hypoplasia (a deficiency in the amount of enamel present on a tooth), 

hypomineralization (a softening and discolouration of the enamel) and hypomaturation (part of the 

medical condition Amelogenesis imperfecta which presents abnormal formations of the enamel) also 

cause lesions to develop [38]. The spots appear a different shade of white to the rest of the tooth 

surface due to decalcification and the newly formed porous enamel surface causing localised light to 

scatter differently due to the difference in the refractive index of enamel (RI=1.62) compared to the 

lesion (RI=1.33) [41-42]. As this is a very early stage of tooth decay, the enamel can be re-mineralized 

with topical fluoride treatments and fluoride toothpastes.  

In the second stage, the enamel starts to break down due to sustained demineralization. This enamel 

decay increases the risk of the tooth’s surface breaking which will cause irreversible damage. During 

this stage, as the enamel layer is breached, dentin hypersensitivity starts to develop. If the enamel 

decay is not stopped and continued demineralization of the enamel occurs, the tooth could potentially 

break, and dentin decay will start to occur. Once this stage has been reached, the level of pain 

experienced by the person will intensify and sensitivity to stimuli will increase [43]. 

When enough phosphate and calcium minerals have been lost, the enamel will collapse and form a 

dental cavity. The cavity has a dark brown/black colour and increases with size the longer the tooth is 

left untreated and exposed to acid and bacteria. A dental filling or root canal surgery will need to be 

carried out to relieve the pain and discomfort whilst ensuring the integrity of the tooth is maintained 

and no more damage occurs. If the cavity is not treated, the pulp located in the centre of the tooth 



can become infected by bacteria present in the oral cavity causes pulpitis to develop. Micro-organisms 

that reach the dentin trigger an inflammatory response which if untreated can lead to persistent 

reoccurrence causing permanent loss of normal tissue and in turn reducing the ability for the cells and 

tissue to repair itself [44]. The colonisation of the root canals by bacteria causes blood vessels and 

nerves to start dying and exudate starts to form [45]. If the bacteria are not removed/killed, 

complications such as septicaemia, cardiovascular disease, shock, infections into the surrounding 

bones and tissue which can lead to brain abscesses and even death [43, 46-47]. The final stage of tooth 

decay is tooth loss. The damage done to the tooth has reached the stage where the tooth must be 

extracted. 

Tooth decay is easily manageable with a regular cleaning routine. Using specific oral care products and 

routine dentist appointments are key to preventing damage, discolouration and disease from 

occurring in the oral cavity or treating any issues before they can evolve into problems. The strong 

composition of teeth and their high strength mean that teeth will be able to outlast their owners if 

properly maintained.  

3. Ingredients of oral care products and how they work 

Toothpastes are a paste or a gel that are used alongside a toothbrush to maintain and improve 

a person’s oral health and aesthetics. Modern formulations are very complex and contain a large range 

of active ingredients to provide a thorough cleaning of the mouth without damaging the enamel 

surface or any of the gingiva. Modern toothpaste and oral care formulations contain active ingredients 

which actively fight cavities and gum disease, and inactive ingredients which provide stability and 

aesthetics to the formulation. The large number of ingredients which make up modern formulations 

must be able to remove plaque and bacteria from the mouth whilst also whitening teeth and leaving 

a fresh long-lasting flavour which leaves the user satisfied and improves confidence.  

3.1. Fluorides 

Addition of fluoride ions is a very effective way of controlling dental caries making fluorides a 

key active ingredient in modern toothpastes and some countries’ water supplies [48-49]. The inclusion 

of fluoride containing compounds such as sodium fluoride, stannous fluoride and sodium 

monofluorophosphate has become commonplace in most toothpastes [50]. Due to its potentially toxic 

effects, fluoride concentration in toothpaste is generally low (1000-1500 mg/kg) [51]. Even though the 

concentration of fluoride in the toothpaste is low, it is enough to provide a therapeutic effect. 

However, if a large amount of toothpaste is ingested, it is still possible to get fluoride poisoning.  

 Research has shown that fluoride slows down the rate at which dental caries form by 

controlling the rate at which cavities develop [52]. The longer the fluoride ions are able to stay in the 

mouth without being washed away, the more they will be absorbed by the surface of the teeth. When 

the fluoride is on the surface, it has a topical effect. Plaque bacteria produce acids such as lactic, acetic 

and propionic acid from metabolic processes. These acids demineralise the enamel surface of the 

tooth leading to dental caries and dentin hypersensitivity [52]. As mentioned earlier, the structure of 

enamel is made up of calcium hydroxyapatite crystals [53]. 

As well as helping to re-mineralize teeth, there is evidence that fluorides influence the 

bacterial metabolism of dental plaque. Research by Marquis et al has shown that fluoride is able to 



act as an enzyme inhibitor or form metal-fluoride complexes which are able to lower the acid tolerance 

of the bacteria [54-55]  

 

3.2. Abrasives: 

  Abrasives are one of the key ingredients in any modern toothpaste. Although they play a very 

active role in removing plaque and stains from the teeth and gingiva, they are considered an inactive 

ingredient in the formulation as they do not reduce the risk of cavities. Choice of suitable abrasives is 

important as they must be abrasive enough to remove plaque and bacteria from the tooth surface but 

not so abrasive that they cause any damage to the enamel [56-58]. They are typically an insoluble 

component of the toothpaste and were the key ingredient in the very first toothpastes. Commonly 

used abrasives include calcium carbonate, sodium bicarbonate, hydrated silica and dicalcium 

phosphate [59]. The surface of these abrasives is coarse but not so much that is would damage the 

enamel surface. The size of particles used as abrasives is a critical factor in determining their 

effectiveness. If the particles are too small, they will not be abrasive enough to remove stains and 

plaque from the enamel but if they are too large, they could cause unnecessary damage. As the 

particle size needs to fall within a specific range, the average particle size of abrasives is kept within a 

range of 4 to 12 µm [60]. Additionally, abrasion caused by the type of toothbrush used and the 

firmness of the bristles also plays a large role in oral care and, if incorrectly used, enamel and gum 

damage although this is beyond the scope of this review and will only briefly be mentioned. Again as 

with abrasives in toothpaste, consideration must be made into what materials can be used to make 

the bristles as these will come into contact with all surfaces in the oral cavity.  

Abrasives however can be a double-edged sword when it comes to protecting tooth enamel. Studies 

have shown that if the tooth enamel is already eroded, then abrasion of the damaged surface can lead 

to loss of tooth volume as well as softening the surface [61-62]. Enamel has a Mohs hardness of 5 

meaning that any mineral or abrasive used to clean the enamel surface must be lower than this value 

to prevent damage and erosion to the surface. Calcium carbonate has a Mohs hardness of 3 making it 

an ideal abrasive for removing plaque and polishing the enamel surface [63].  

For the abrasives to work, the plaque, stain or bacteria must come into contact with the 

abrasive. The contact generates tensile and shear stresses which in turn is able to break the bonds 

between the substrate and the surface. When this bond is broken, the substrate particles are removed 

from the surface and enter the toothpaste solution. The substrate then leaves the mouth when the 

solution is spat out. However, the roughness of the intraoral surfaces has been shown to affect the 

retention of plaque bacteria [64]. As most of the microorganisms that grow in the oral cavity can only 

survive by adhering to non-shedding surfaces, teeth make the optimum location for these organisms 

to thrive. The roughness of teeth due to their erosion over time from abrasion and acid damage helps 

bacteria to adhere to the surface better. By increasing the roughness of a tooth’s surface, micro-

irregularities start appear.  Bacteria that attaches to these surface irregularities are protected from 

salivary flow, masticatory function and potentially brushing allowing them to form stronger 

attachments to the enamel surface. There are plenty of studies that have shown a correlation between 

the roughness of the enamel surface and the increase in bacterial adhesion [64-66]. Bollen et al 

showed that if the roughness of the surface has a Ra (surface roughness average) value above 0.2 µm, 

an increase in bacterial colonization on the surface can be observed [64]. This indicated that if the 



surface of enamel and the gingiva can be kept smooth, the adhesion of plaque bacteria to the surfaces 

should decrease due to its lower surface free energy and lower roughness.  An in vivo study by Quieyen 

et al showed that a high substratum surface free energy coupled with the rough surface of the teeth 

facilitates the growth of supragingival bacteria [65].  

By increasing the surface roughness, the surface area of the tooth is increased and the total surface 

energy increases. However, although bacteria is able to bind to the enamel surface easier, a rougher 

surface favours the growth of plaque bacteria more than surface free energy as the protection 

provided from salivary, mechanical and mastectomy processes reduces the chances of the bacteria 

being dislodged from the surface. 

 

3.3. Whitening/bleaching agents 

All toothpastes to some extent help whiten teeth by removing stains from the enamel surface, 

but the product specifically designed to whiten teeth was first formulated and marketed in the 1980s. 

Since then, the rapid growth and development of these formulae and their ever-increasing demand 

and availability has led to these toothpastes taking up a large share of the market. As abrasives have 

been looked at already in this paper, chemical and alternative agents used in whitening toothpaste 

will be the focus of this section.  

The colour of teeth is a strongly debated topic as there is no single shade of white teeth. Due 

to factors such as diet, genetics and habits such as smoking, teeth will become stained over time. 

Extrinsic stains occur on the outer layer of the tooth due to depressions and tiny groves in the enamels 

structure [67]. These defects retain stain-producing substances like coffee and red wine and allow 

them to bind to the surface. Even oral care products which contain fluorides, chlorhexidine (CHX) a 

commonly used antibacterial or delmopinol a surface-active anti-plaque agent, can cause staining 

when used above the recommended levels [68]. Claydon et al showed that using rinses containing 0.1-

0.2% delmopinol had an increase in staining particularly with the 0.2% solutions and Yates et al have 

demonstrated that a 1% CHX toothpaste can cause tooth staining over time [69-70]. 

Intrinsic staining occurs deeper where the thickness of the hard tissue or the structural 

composition of the tooth is changed during its development [68]. There are multiple causes for 

intrinsic staining such as use of tetracycline antibiotics by the mother during pregnancy or a person as 

an infant, dentinogenesis imperfecta which causes grey purple and amber discolouration and dental 

trauma [69-70].  

If teeth are not cared for properly, tooth decay can alter the colour and shape of the enamel. 

The acids produced by plaque bacteria and ingested in our diets can lead to teeth turning blue or 

yellow in the early stages. This change in colour is repairable in the early stages but during the later 

stages, active carious lesions and arrested caries turn brown or black. Once this damage to the tooth 

structure and the dentin has occurred, the tooth will either require removal or dental surgery to 

correct [71-72]. 

Ingredients described in literature for removing stains include chemicals such as peroxides, 

citrates and pyrophosphates as well as certain enzymes and surfactants [73]. A key challenge that 

must be overcome when applying these ingredients to teeth via toothpaste is the short contact time 



of the formulation and the structure of the surface [74-75]. Despite this issue, oxidative chemicals 

such as hydrogen peroxide have been shown in vitro to lighten teeth and reduce the tooth yellowness 

compared to other formulations that did not contain a bleaching agent [76]. The peroxide can 

penetrate the enamel where it is able to bleach or decolourise the stains through an oxidation reaction 

[77]. Currently, research using the enzyme bromelain extracted from pineapples and papain extracted 

from papaya was compared to commercially available toothpaste [78]. The research showed that the 

formulation containing the enzymes was more effective in removing the stains compared to the 

control [79-81]. 

 

3.4 Mucoadhesives and other binding agents 

The oral mucosa is the mucous membranes responsible for producing mucus and preventing the oral 

cavity from drying out. Due to the large surface area covered by this membrane inside the cavity, the 

use of mucoadhesives to enhance the retention of oral care formulations is a common if not overly 

reported practice. Mucoadhesion can be defined as the attractive interactions between a polymeric 

material and the mucus that covers the mucosal tissues or the mucous membrane [81]. The theories 

and mechanisms behind mucoadhesion are beyond the scope of this paper and have been reviewed 

in detail by multiple researchers [10, 83-88]. Good mucoadhesive compounds are those that possess 

charged groups or can form hydrogen bonds with the mucin or mucosal surfaces [83].  

Anionic polymers such as carbopols, carboxymethylcellulose (CMC), polyacrylic acid and polycarbophil 

can form hydrogen bonds between the carboxylic acid and hydroxyl groups of the mucus glycoprotein 

[89]. Carbopols, CMC and xanthan gum are commonly used thickening agents in oral care products 

and cosmetics. Non-ionic polymers generally have poorer mucoadhesive performance than 

polyelectrolytes [90]. Interactions between the non-ionic polymer and mucin are very weak. 

Two of the most common binding/thickening agents used in oral care products, pharmaceuticals and 

foods are carboxymethyl cellulose (CMC, Figure 4a) and xanthan gum. CMC is an anionic 

polysaccharide commonly found in oral care formulations. It is synthesised by an alkali-catalysed 

reaction where alkali cellulose is reacted with sodium monochloroacetate [91]. It is used as a binder 

to stop the liquid ingredients from separating out from the powdered ingredients. The functional 

properties of CMC can be altered depending on the degree of substitution of the hydroxyl group and 

the degree of of polymerisation [9]. Because of this flexibility, CMC has good mucoadhesive properties 

in solid, liquid and gel forms [10]. It is added to many different products as a viscosity modifier helping 

to increase the thickness [92]. The viscosity of CMC changes depending on the pH of the solution. 

When the pH values are between 6.5 – 9, its carboxylic groups are mostly ionised, which results in 

higher viscosity. Generally, toothpastes and oral care products are neutral or slightly acidic in terms 

of pH although whitening and bleaching formulations contain acids which make them slightly more 

acidic.  

Carbopols (Figure 4b) or polycarbophiles are polymers of acrylic acid that are weakly cross-linked with 

polyalkenyl ethers or divinylglycol [93]. Their mucoadhesive properties come from the carboxylic 

groups and their ability to form strong hydrogen bonds between the polymer and the oligosaccharide 

chains present in the mucin. Carbopol polymers/carbomers are high molecular weight polyacrylic 



acids used in cosmetics and oral care products as thickening agents and binders. They are typically 

added to liquids, gels or pastes to change the rheological properties. 

Cationic polymers like chitosan (Figure 4c) have been reported as very good mucoadhesives. Chitosan 

is a widely used non-toxic polysaccharide which is composed of N-acetyl-D-glucosamine and D-

glucosamine units linked by β-(1-4) D-glucosamine bonds in a random distribution [94]. Chitosan like 

other cationic polymers can electrostatically interact with the negatively charged mucin due to the 

presence of sialic acid and is also able to form hydrogen bonds with mucin [95]. The low cost and 

relative abundance of chitosan, and its ability to form strong bonds with mucin make it one of the best 

mucoadhesive compounds available. However as the main source of chitosan is from crustaceans, this 

reduces its commercial viability as consumers with allergies to crustaceans would not be able to use 

this product unless the chitosan came from a different source such as fungi. 

Gantrez® is another polymer which has been shown to have strong mucoadhesive properties. It is an 

alternating copolymer of methyl vinyl ether and maleic anhydride (Figure 4d). When Gantrez® is 

dissolved in water it results in hydrolysis of its anhydride cycles and liberation of carboxylic groups. 

Although not typically used in oral care products, Gantrez AN-169 is used in denture adhesives. Work 

by Kockisch et al demonstrated that polymeric microspheres made from Gantrez® were able to better 

retain on mucosal tissue with artificial saliva than those that were made from poly(acrylic acid)s [96]. 

  

 

 

  

 

 

 

Figure 4. (a) Structure of carboxymethyl cellulose (CMC); (b) structure of polyacrylate (Carbopol®); (c) 
structure of chitosan; (d) structure of Gantrez® 



Xanthan gum is an extracellular heteropolysaccharide, which is produced by the fermentation of 

glucose, sucrose or lactose by Gram-negative bacterium Xanthomonas campestris [97]. The anionic 

polysaccharide is made up of repeating units of glucose, glucuronic acid and mannose. Much like CMC, 

xanthan gum is used as a thickening and stabilising agent making it an excellent choice for binding and 

keeping the formulations uniform. Xanthan gum has shown mixed results in the past with regards to 

its mucoadhesive strength with some studies showing it had poor mucoadhesion to buccal surfaces 

[98-99], with others reporting it had good mucoadhesion [99-100]. 

Over the last few decades there were numerous attempts in the design of polymers and other 

materials with enhanced mucoadhesive properties. This enhancement could be achieved through 

functionalisation of these materials with specific groups capable of forming covalent linkages with 

mucosal surfaces under physiological conditions. One of the most prominent examples of polymers 

with chemically enhanced mucoadhesive properties is thiomers. Thiomers are hydrophilic polymers 

which contain thiol bearing functional groups on their side chains [84, 101]. These polymers form 

covalent bonds via a disulphide bridge with cysteine-rich subdomains of mucus glycoproteins [102]. 

These covalent bonds provide a stronger link between the polymer and the mucin meaning the 

polymer has enhanced mucoadhesive properties over other mucoadhesive compounds [89]. Some 

thiolated polymers have already been commercialised for pharmaceutical applications, for example, 

thiolated chitosan has been used in the design of eye drop product called Lacrimera with improved 

retention on ocular surfaces [103]. In addition to thiolation, several other strategies for 

functionalisation of polymers to enhance their mucoadhesive characteristics have also been recently 

explored. These includes conjugation of mucoadhesive polymers with acryloyl, methacryloyl, 

boronate, maleimide, catechol and N-hydroxy(sulfo)succinimide ester groups. The progress in the 

synthesis of polymers with enhanced mucoadhesive properties has recently been reviewed by 

Brannigan and Khutoryanskiy [104].  

By adding mucoadhesive polymers to mouthwashes, gels and pastes, the retention of the active 

ingredients in the mouth will be increased along with the stability of the formulation helping to 

increase shelf life. By increasing the amount of time the active ingredients are in the oral cavity, their 

therapeutic effect can be sustained for longer. An increased retention will allow compounds such as 

fluorides and flavours which are usually washed away quickly after brushing to be retained for an 

increased amount of time. 

 

3.5. Flavour oils  

Several essential oils (EO) which exhibit antibacterial and antiplaque properties and have 

pleasant fresh tastes are used in washes and rinses. Thymol, menthol, eucalyptol and methyl salicylate 

are major components of the natural plant extracts from thyme, mint, eucalyptus and American 

wintergreen (Figure 5). US patent 8273385 B1 describes some formulations of Listerine® with a blend 

of EO in their products to provide taste and to act as antibacterial agents [105]. The use of EO as 

antibacterial and antifungal agents is well established in research. Although the use of EO as 

antibacterial agents is well known, the mechanism behind the antibacterial action is complex and was 

not fully understood until the mid-1980s. 



   

 

Menthol Eucalyptol Thymol Methyl Salicylate 

Figure 5. Structures of commonly used EO in oral care formulations 

Continued research on these compounds has shown that they are effective 

antibacterial/antifungal agents when used individually and when combined with conventional 

antibiotics. A study carried out by Thaweboon and Thaweboon (2011) using an EO-containing mouth 

rinse used twice a day over a two-week period showed that mouth rinse containing EO can have a 

significant effect on lowering the number of volatile sulphur compound producing bacteria on the 

tongue helping to control oral malodour [106]. An in vivo study by Fine et al looked at the 

interproximal antibacterial activity of EO containing mouth rinse as they can easily reach the areas 

situated between adjoining teeth [107]. They used 34 volunteers who after brushing their teeth use a 

mouthwash which was either EO or saline solution for negative control. Five minutes after using the 

mouth rinse, interproximal plaque samples were collected using paper points. They recorded that 5 

minutes after a single EO mouthwash application, there was a decrease of 44% in bacterial viability 

observed in the interproximal spaces with respect to the negative control [107]. Research has shown 

that although bacteria can become resistant to EO, this is very unlikely and has offered a promising 

line of research for antibiotics of the future [108-109]. 

Thymol, the major component of thyme, has been used in oral care formulations for decades. 

Thymol is a well-known antimicrobial agent and has been shown to induce a decline in intracellular 

adenosine triphosphate (ATP) in S. sobrinus due to leakage via membrane perforation [110-111]. In 

the case of P. gingivalis, thymol may inhibit ATP-generating pathways causing processes that require 

ATP to cease [110]. Additionally, thymol exhibits strong antifungal properties due to its lipophilic 

nature. This enables it to interact with the cell membrane of fungus cells, which in turn increases the 

membranes permeability. Macromolecules inside the cell are then lost due to the altered permeability 

of the cell wall [112-113]. 

3.6. Desensitisers: 

Dentin hypersensitivity is an increasing clinical problem which causes a short sharp pain when 

exposed dentin is subjected to a stimulus [114]. The stimulus can be thermal, mechanical, electrical, 

chemical and a reaction to hypertonic solutions [115-116].  Although the pain only last for a short 

duration, immense discomfort when eating and drinking can impact on quality of life. There are a 

variety of causes of dentin hypersensitivity ranging from age, dietary, trauma and damage to teeth 

(Table 1). The leading causes of dentin hypersensitivity however is gingival recession, where the dentin 

and root surface are exposed with enamel erosion exposing the nerves and dentin. The enamel 



erosion is caused by acids produced by bacteria or from diet and mechanical erosion from improper 

cleaning of the teeth or from environmental factors. The discovery of desensitising agents which can 

be incorporated into toothpaste formulations is a key advancement in the oral care fields providing 

relief for millions. 

 

Table 1. Common causes of sensitive teeth. 

Cracked tooth Teeth crack due to a variety of reasons. Damage from injuries, biting down on hard 

foods and teeth grinding can cause cracks and chips to appear exposing nerves and 

dentin leading to sensitivity. Age also plays a factor and sudden changes in temperature 

can also cause cracks to form. 

Dental 

treatment 

Deep fillings can get close to the nerve endings and cause sensitivity and irritation 

although overtime this can heal. A poor crown placement can alter a person’s natural 

bite causing sensitivity to occur. Additionally, if there is decay in the pulp under the 

crown, pressure exerted on the tooth will cause pain. Tooth cleaning can lead to 

sensitivity as areas that were covered by tartar and are not covered by enamel will 

become exposed. 

Dental decay As dental decay causes the enamel surface to recede, exposing dentin tubules which 

are connected to nerves inside the tooth. Bacteria, acidic food and drinks can enter 

these tubes causing pain. Temperature changes from hot and cold food and beverages 

can also cause pain and discomfort. 

Gum disease Inflamed mucosal tissue can lead to sensitivity as supporting ligaments can recede and 

expose the tooth’s root. As there is no enamel covering the root of the tooth, dentin, 

pulp and nerves can be exposed leading to sensitivity and pain. 

Tooth 

whitening 

Oxygenating bleaches that are used to remove debris from within and on the tooth’s 

structure are able to also remove the plugs in the dentinal tubules. The fluid inside 

these tubules moves away from the pulp down a concentration gradient. The 

movement of this fluid causes sensitivity. 

Thinned 

enamel 

The erosion of enamel by acids and mechanical damage causes areas of dentin to be 

exposed. Irritation by cold, hot or acidic substances leads to pain and sensitivity. 

Poor oral 

hygiene 

Poor oral hygiene leads to a build-up of bacteria on the tooth. The acids excreted by the 

bacteria cause erosion to the enamel surface. As erosion occurs, dentine and pulp are 

exposed. Irritation caused to the dentin and pulp lead to pain and sensitivity. Bacteria 

can also cause the mucosal surface protecting the root to become inflamed causing 

gum disease to develop.  

 

The most popular theory as to what causes the dentin hypersensitivity pain was proposed by 

Brannstrom [117]. This hydrodynamic theory suggests that dentin hypersensitivity is caused by the 

movement of fluid inside the hollow dentinal tubules that run through the dentin in response to a 



stimulus [117-118]. The flow of the fluid inside the dentinal tubules leads to mechanical deformation 

which subsequently activates the nociceptor sending a threat signal to the brain [119].  

The innervation theory suggest nerve endings can penetrate the dentine up to the detino-

enamel junction, meaning that mechanical stimulation of these nerves will lead to an action potential 

[114, 120]. As the odontoblast which are found in the outer surface of dental pulp are responsible for 

producing dentine, it was speculated that these cells were related to the cause of dentin 

hypersensitivity. The odontoblast receptor theory suggests that odontoblast themselves act as 

receptors and send the signal to a nerve terminal; however, studies have shown that the odontoblasts 

are matrix forming cells and are not excitable cells [114].  

A wide variety of products have been developed to treat and manage dentin hypersensitivity 

with most of them being designed for home use. The products mainly come in the form of toothpastes 

and are designed to desensitize the exposed nerves or cover the exposed dentinal tubules with an 

impermeable substance [121]. Charig et al described a formulation that can desensitise the tooth and 

produce a layer of amorphous calcium phosphate on the surface of the dentin [122]. Then with the 

addition of fluoride, the calcium phosphate can reform as hydroxyapatite forming a complex which 

has a similar composition to the original tooth mineral [122].  

Potassium and strontium salts are used as a nerve desensitising agents with the addition of eugenol 

or clove bud oil as enhancers [123-124]. Formulas which use these salts have been described in US 

patent US 8652445 B2 [123] and German patent WO 1999003445 A2 [124]. The salts can enter the 

dental tubules and reach the nerves. Once the potassium or strontium ions reach the nerves, they can 

decrease the excitability of the dental nerves by altering their membrane potential. However, even 

though potassium salts are often used as a desensitising agent in toothpaste, the effectiveness of them 

is still debated with some sources reporting the affect is minimal while others report a significant 

reduction in sensitivity [125-130]. 

3.7. Surfactants 

Surfactants play a key role in modern formulations and as such, this section will look at surfactant 

types and focus on the most commonly used surfactants in the oral care industry. They are responsible 

for the foaming action of the toothpaste which aids the intraoral dispersion of the formulation 

allowing fluoride compounds to come into contact with teeth for as long as possible, the removal of 

debris, biofilms and plaque from the surface of the teeth and the micellization of flavour compounds 

and organic molecules such as triclosan [131]. To create a formulation which can reach all parts of the 

mouth, the right amount of surfactant must be used. Insufficient quantity of surfactant in the 

formulation results in less foam generated, which will not be enough to cover all of the teeth and 

mucosal surfaces, lowering the effectiveness of the product. Too much of surfactant present in the 

formulation would leave the consumer with an unpleasant experience and potentially cause irritation.  

A combination of surfactants is used in any given formulation to balance out the properties of each 

compound used. Some surfactants such as sodium dodecyl sulfate used in high concentrations causes 

irritation to the soft oral tissue and cocamidopropyl betaine (Figure 6) has a bitter taste. A combination 

of both surfactants is able to balance out the negative effects and still provide an effective foaming 

system for the dentifrices [132].  



 

Figure 6. Common surfactants used in oral care formulations: (a) Sodium dodecyl sulfate (SDS or SLS); 
(b) Cocamidopropyl betaine (CAPB); (c) Sodium methyl cocyl taurate (SMCT); (d) Lauryl glucoside 

 

Sodium dodecyl sulfate (also known as sodium lauryl sulfate (SLS)) is the most commonly used anionic 

surfactant in dentifrices and in the cosmetic industry. As well as being used as a surfactant, SLS has 

been shown to exhibit antimicrobial and plaque inhibitory properties [133]. The antimicrobial ability 

of SLS is due to its ability to penetrate through porous bacterial cell walls. Thereafter, interactions with 

the cell membrane lead to an increase in cell permeability causing leakage of intracellular components 

and cell lysis [133-134]. A study conducted by Landa et al found that the adhesion of S. mutans HG 

985 could be reversed with a 4% (w/v) SLS solution [135].  

Another surfactant, cocamidopropyl betaine (tego betain, CAPB) is an amphoteric material which 

produces a moderate amount of foam compared to other commonly used surface-active compounds. 

As it is a balanced amphoteric surfactant, it is less irritating to the mucus membrane than other 

detergents [136]. CAPB is a fatty acid amine that originates from coconut oil which is used as an 

amphoteric surfactant in oral care and cosmetic products. Because of its plant based origin, it is 

considered a natural ingredient so is used as a surfactant in products marketed as all natural. As CAPB 

is considered less irritating than other surfactants, it is used in sensitive and children’s toothpaste.  

Sodium methyl cocoyl taurate (SMCT) is a mild surfactant which is used as an alternative to SLS as it 

has less irritating characteristics. SMCT is usually used in combination with CAPB to reduce the 

bitterness whilst maintaining a low level of foaming [129]. 

Lauryl glucoside is considered more of a green alternative compared to other surfactants like SLS as, 

like CAPB, it is derived from coconuts allowing its production to be made sustainable. As it is non-

irritating and it does not dry out skin and mucosal surfaces like sulfate containing surfactants, it is used 

in formulations designed for people with sensitive oral mucosa.  

Although surfactants are very beneficial and help providing a better coating, the irritant nature of 

some of them and the potential damage done to the environment, has led to the development of 

surfactant free toothpaste [132]. Use of these surfactant-free formulations does not provide the 

benefits derived from the foaming properties and limits their reach within the oral cavity, diminishing 

the pleasant clean mouthfeel which accompanies surfactant toothpastes.  



3.8. Mouthwash/mouth rinse: 

When looking at oral care products, one group of products which have seen particular growth and 

development in the last few decades are mouthwashes and rinses. A mouthwash or rinse is a non-

sterile aqueous solution, which is mainly used for its antiseptic and freshening properties [137]. Most 

of these products have multiple functions such as reducing the amount of oral bacteria and food 

particles present in the oral cavity, neutralising acids produced by plaque bacteria and temporarily 

freshening the user’s breath leaving a pleasant aftertaste. Mouthwashes are not designed to be used 

by themselves but developed as a part of an oral hygiene routine. Even though they have antiseptic 

and cleaning properties, they are not able to mechanically or physically remove plaque from the 

enamel and gingival surfaces.  

The timing of mouthwash use after brushing is also an important factor in the effectiveness 

of the rinse and the toothpaste. Multiple studies have shown that rinsing using a mouthwash 

immediately after brushing with a fluoride toothpaste will reduce the amount of salivary fluoride 

available in the oral cavity, reducing the effectiveness of the remineralisation [138-140]. 

Ethanol is one of the main active ingredients in the majority of mouthwashes on the market 

as it is a food safe, cheap and readily available antiseptic. Some products even have ethanol 

concentrations as high as 27% [141]. The use of such high concentrations of ethanol in these products 

will cause irritation to the oral cavity and dryness. It has also been noted, that although mouthwashes 

leave a pleasant taste and fresh odour after use, the drying nature of the alcohol can cause an increase 

in xerostomia (dry mouth) [142]. Studies have shown that the use of ethanol in mouthwashes and 

rinses may cause oral cancer although this is beyond the subject matter of this review [143-144]. To 

overcome these issues and still provide the same quality of cleaning, alcohol-free mouthwashes have 

been developed. Alcohol-free mouthwashes are becoming increasingly popular as unlike the alcohol 

containing washes, there is no or very little irritation or dryness when used. This benefits people who 

suffer from sensitive gingiva, xerostomia or medical conditions. Instead of using ethanol, a blend of 

essential oils, ionic and non-ionic surfactants and flavour oils are used maintaining the effective as 

washes and rinses that contain alcohol [145-147]. 

 

4. Physical Characteristics of Oral Care products 

 Oral care products available on today’s market have a wide range of physical characteristics, 

from their rheological properties, textures and appearances. All these characteristics are supposed to 

provide a pleasant experience for the consumer and make the storage of toothpaste inside tubes 

easier. Toothpastes have interesting rheological properties due to the complex nature of their 

formulation. This section looks at a few of these characteristics as well as exploring the 

pharmacokinetics of some of the active ingredients. 

4.1. Rheology, retention & texture 

The texture, viscosity and the flow of an oral care product play a very large role in their 

development and production, especially that of toothpaste. A toothpaste that does not flow when 

squeezed from a tube as it is too thick, or one that falls off a toothbrush as it is too runny will affect 

customer satisfaction and drive consumers towards competitors’ products [148-149]. Because of 



these challenges and the consumer’s demands, the rheology of toothpaste has been extensively 

researched. The combination of dense ingredients and binders suspended in water and humectants 

gives rise to the interesting rheological properties of toothpastes. Modern toothpastes typically come 

in the form of a gel or paste. A gel is a semisolid system in which short range physical bonding 

interactions form a network structure that is able to immobilize the liquid contained in the gel [150-

151]. This gives the gel its semi-solid properties. A gel can additionally be described as a diluted system 

that exhibits no flow when it is in the steady-state [152]. Gels used in the oral care industry tend to be 

less abrasive than pastes and when spilt or dropped they produce a slightly smaller splatter. Pastes 

are slightly thicker in texture than gels and when applied to a surface, go on thicker. It is also important 

to note that the abrasives are not just added for the mechanical cleaning of the teeth, but also as a 

way of improving the rheology of the toothpaste. The abrasives are able to increase the shear-thinning 

and shorten the thixotropy of the toothpaste [153-154]. Toothpaste and oral care products generally 

follow the same formulas. Although there may be subtle changes in the ingredients used or the 

processes carried out to produce the product, the rheology of the formulations will be slightly 

different. Although the rheological profiles are similar, the use of different ingredients means that 

each toothpaste will have a unique microstructures from each other giving each paste a marked 

difference in rheology. Work by Zhiwei et al found that differences in the microscopic structure of 

toothpaste are likely responsible for the differences in their rheological properties when measured in 

both steady and dynamic states [155]. Their work concluded that toothpastes that are composed of 

fine particle dispersions forming well connected network structures have different rheological 

properties to those that have a poor network [155]. 

Toothpastes are classed as a Bingham plastic in which at low stresses, such as resting inside a 

tube of toothpaste with no external forces being applied, it will start to flow returning to its resting 

state (Figure 7). This differs slightly from Newtonian fluids in that a finite shear stress is required to 

initiate the flow [156-157]. Because of this property, even if the lid is left off the toothpaste tube, the 

contents should not flow out. These properties are down to the thickening agents and abrasives used 

in the toothpaste giving the paste its characteristic rheological properties. Ahuja et al found that the 

shape viscosity correlates with the yield stress and instantaneous viscosity maximum and that the 

addition of xanthan gum to a formulation strengthens the shape retention of the toothpaste after it 

has been squeezed from the tube and thickening silica reduces the stringiness [158].  



 

Figure 7. The Bingham graph where μ is plastic viscosity and τo is shear yield stress shows a material 
that behaves as a Bingham plastic will not flow until a certain amount of yield stress is applied. Once 
this barrier has been overcome, the flow rate will increase at a steady rate as shear stress increases. 

 

When a tube of toothpaste is squeezed, shear forces are applied to the sides of the tube. The 

shear stress (Ƭ) can be represented as Ƭ=F/A. By applying this force, the volume inside the tube is 

changed and in turn is imparting work on the paste. The displacement of the toothpaste from the tube 

can be represented as dL=PdV whereby displacement (dL) is equal to the pressure (P) being applied 

and the change in the volume of the system (dV).  

The paste itself is incompressible and will flow out of the tube through the path of least 

resistance. As soon as this force is reduced or stops, the paste stops flowing. Therefore toothpaste 

does not sink into the bristles on a toothbrush but when you start brushing your teeth turns into a 

liquid [152, 159]. 

When looking at the retention of toothpaste in the mouth, it is first important to look at brushing time 

as the time allowed for the delivery of toothpaste to the oral cavity plays a big role in the effectiveness 

of the active ingredients. Oral health experts recommend brushing your teeth for 120 seconds to allow 

for the effective removal of plaque and to allow the active ingredients time to work. A study by Creeth 

et al found that brushing for 120 s removed 26% more plaque than brushing for 45 s and that brushing 

for 180 s removed 55% more plaque than brushing for 30 s [160]. The retention time of toothpaste is 

very low as immediately after brushing, the toothpaste slurry formed in the oral cavity is spat out 

leaving behind the active ingredients, flavours and some abrasive residue. As mentioned above, these 

thickening agents have mucoadhesive properties; however, little work has been done studying the 

retentive effect of these conventional thickening agents’ in toothpaste formulations but work has 

been carried out on incorporating particles with mucoadhesive properties. Microparticles composed 

of chitosan, glutaraldehyde and fluoride have been investigated by Keegan et al showing a fast burst 

release followed by a slow release of fluoride over 6h [161]. However, these particles had low 

bioadhesive properties due to the fluoride ions that were present on the surface of the particles, 



shielding the positive charge of the chitosan. Gelatine and ethylcellulose particles again with fluoride 

have also been tested showing a sustained release over 8 h but these results are yet to be produced 

in vivo [162]. The amount of toothpaste used to brush teeth logically plays a role in the amount of 

active ingredients retained in the oral cavity after brushing. However, brushing with an excess of 

toothpaste will cause more foam to be generated impacting the users experience, causing too much 

fluoride to be retained and leading to fluorosis or could lead to the excessive ingestion of fluoride 

leading to fluoride poisoning as a small amount of toothpaste is always ingested. Not rinsing your 

mouth out after brushing is recommended as it allows for the salivary fluoride and active ingredients 

to be retained for longer.  

 

4.2. Pharmacokinetics  

The delivery and retention of therapeutic ingredients contained within oral care products is 

essential to their performance. A low retention time of a compound that cannot reach the desired 

active site will have a minimal affect. To understand how the body affects the xenobiotic or chemicals 

which are administered, a look at the pharmacokinetics of the active ingredients is needed. In order 

to ensure the effectiveness of bleaching and active agents in toothpaste, their physicochemical 

characteristics must allow their therapeutic action whilst not damaging the oral tissues [163]. Fluoride 

compounds are the most studied active ingredient in the oral cavity because of its ability to 

remineralize enamel, kill bacteria and protect teeth. A variety of fluoride compounds are used in 

toothpaste due to their properties or because of interactions within the oral cavity or to other 

ingredients in the toothpaste. Formulations with sodium monofluorophosphate and calcium 

carbonate have been shown to have a better anti-caries effect when used together because the higher 

levels of calcium provided by the calcium carbonate help with the remineralization of the enamel 

surfaces and calcium carbonate is able to neutralise acids and harmful effects caused by plaque 

biofilms [164]. However, if sodium fluoride is used with calcium carbonate, the anti-caries effect 

offered by the fluoride is offset by the calcium as ionic fluoride reacts with the anionic calcium to form 

insoluble calcium fluoride stopping free fluoride from entering the saliva and mucosal reservoirs. 

Once applied to the oral cavity, the fluoride comes into contact with saliva. The saliva acts as a 

reservoir for the fluoride as well as a way of eliminating it from the oral cavity over several hours. A 

cycle of reapplication is needed each day for the fluoride compounds to be effective as after brushing, 

salivary fluoride concentration falls rapidly to below 1 ppm within 30 to 60 minutes regardless of 

application type (toothpaste, tablets, gum, etc.) [159]. Work by Aasenden et al showed there is a linear 

relationship between log (F-) and log (time) with respect to fluorides clearance from the oral cavity 

[165]. Fluoride concentration and retention in saliva can also be affected by ingredients in the 

toothpaste. Bruun et al found that if flavouring agents were exempted from fluoridated toothpaste, a 

higher salivary fluoride concentration was found after brushing compared to standard formulations 

with flavourings [166]. They hypothesised that this was due to the stimulation of salivary flow caused 

by the flavour with work by Duckworth and Jones confirming this [167]. Surfactants commonly used 

in toothpaste have the potential to also interact with fluoride compounds. SLS has been shown to 

impact fluoride delivery when sodium monofluorophosphate is used by interfering with the 

phosphatase enzymes in plaque and saliva that facilitate release of ionic fluoride from the 

monofluorophosphate anion [132]. Because of this, sodium monofluorophosphate is not used in 

combination with SLS. Fluoride like other active ingredients, can be absorbed into the oral soft tissue 



where it is retained in a reservoir similar to saliva. Larsen et al found that there was a higher fluoride 

concentration in oral mucosa than in saliva after brushing with fluoride toothpaste suggesting that the 

oral mucosa also acts as a reservoir for fluoride [168]. Oral fluoride reservoirs are easily depleted by 

water exposure, with post topical applications of salivary fluoride levels dramatically decreasing [169-

170]. 

As well as fluorides, other active ingredients present in toothpaste formulations are CHX, 

triclosan and metal ions such as zinc (Zn2+) and tin (Sn2+) which are all included for their antimicrobial 

activity. Much like fluorides, these compounds are eliminated from the oral cavity quickly after 

application by deglutition or being rinsed away by a mouth rinse or drink. These active ingredients are 

either positively charged or electrostatically neutral at pH values associated with toothpaste and can 

interact with the negatively charged surfaces of oral tissues and bacteria [159]. However, SLS which is 

found in nearly all toothpaste formulations can interact and inactivate these positively charged 

antimicrobials. CHX and SLS have been shown to be incompatible together even after a 30 min interval 

between brushing with toothpaste and rinsing with CHX solution as the antiplaque affect if CHX was 

reduced significantly [171]. For this reason CHX is not normally added to toothpaste but is included in 

mouthrinses.  

Triclosan is generally administered as a rinse but can be administered in a toothpaste. Its use 

in rinses and toothpastes has recently declined due to antibacterial resistance and because it is 

potentially carcinogenic. Triclosan much like other active ingredients is retained in the salivary 

reservoir once applied. In addition to this, the enamel surface may also act as a reservoir, helping to 

protect against mild acid attack [159]. Although triclosan has proven antimicrobial affects, when it is 

included in a toothpaste, it does not increase the efficacy of the toothpaste as the other antimicrobial 

agents present are already adequate [159]. Once triclosan has been removed from the oral cavity, it 

is metabolised and excreted from the body. 

Zinc is used in the form of nanoparticles in some toothpaste formulations as it exhibits 

antimicrobial properties. Upon administering zinc to the oral cavity, much like fluoride it enters the 

salivary, mucosal and enamel reservoirs. Zinc is cleared from the oral cavity bi-modally with the 

concentration falling rapidly over 30-60 minutes post application with the loosely bound zinc being 

cleared and a low concentration of more firmly bound zinc persisting for many hours afterwards [172]. 

Saxton et al looked at the pharmacokinetic data for zinc concentrations after application from a 

mouthwash and dentifrice with higher concentrations of zinc being observed in saliva 3-4 h after 

brushing and plaque growth being reduced 16 to 22 h after denitrifies containing 0.5% zinc citrate 

were applied [173]. When inside the oral cavity, zinc competes with soluble calcium for bacterial 

binding sites. Zinc is also readily absorbed by hydroxyapatite forming zinc-hydroxyapatite however it 

is readily desorbed from the hydroxyapatite by calcium [172]. 

 The pharmacokinetics of fluoride and triclosan has been investigated in several studies. 

Duckworth and Morgan looked at the retention of fluoride in the oral cavity after application [159, 

170] 

In a paper [159] on the pharmacokinetics of fluoride in the oral cavity, Duckworth wrote how the 

concentration of fluoride in saliva (Fs) as a function of time (t) can be given as: 

 dFS(t)/dt = k1 FR(t) – k2 FS(t) – k3 FS(t)       (1) 



where FR(t) is the concentration of fluoride in the oral reservoir, k1 is the rate constant for the uptake 

of fluoride by the reservoir, k2 is the rate constant for the release of fluoride from the reservoir and k3 

is the rate constant for the elimination of fluoride from the oral cavity by swallowing. This equation 

can lead to: 

FS(t) = A exp(–αt) + B exp(–βt)        (2) 

where A and B are arbitrary constants and α and β are functions of the three rate constants k1, k2 and 

k3 [159].  

By being able to calculate the concentration of fluoride and the rate at which it is eliminated, 

the same model can be applied to other active ingredients like triclosan and provide a greater 

understanding of how these compounds behave in the body. This knowledge will help to shape future 

advances in the retention of active ingredients.  

As toothpaste acts as a storage and delivery medium to deliver active ingredients and the main 

ingredient holding the formulation together is a polymeric binder, a look at the Ritger–Peppas and 

Korsmeyer–Peppas kinetic model describing how drugs are released from a polymeric system will be 

the focus of this section. Using the Ritger–Peppas and Korsmeyer–Peppas models, an exponential 

relationship between the release of a drug from polymeric system and time can be shown using the 

following equation:  

𝑓1 =  
𝑀𝑖

𝑀∞
= 𝐾𝑡𝑛              (3) 

where f1 is the amount of drug that is released, t is time, Mi is the amount of drug released over time, 

M∞ is the amount of drug at the equilibrium state, K is the constant of incorporation of structural 

modifications and geometrical characteristics of the system and n is the exponent of release [1]. This 

equation can be adapted to include the latency time to incorporate the beginning of a drugs release 

from the polymeric system (𝑙): 

 
𝑀(𝑖−𝑙)

𝑀∞
= 𝐾(𝑡 − 𝑙)𝑛          (4) 

As toothpaste is a very complex system with multiple compounds and drugs being released either all 

at once or at various stages of the brushing process, the power law model allows for the study of drug 

release from a complex polymeric system. The value of the exponent of release that adjusts best to 

the release profile of an active compound in the system allows for a classification of the system as 

either one that follows a Fickian model or a Non-Fickian model [174]. In a Fickian model (n = 0.5), the 

drug release is governed by diffusion as the solvent transport rate or diffusion is greater than the 

process of polymeric chain relaxation and in a Non-Fickian model (n = 1), the drug release from the 

polymeric system corresponds to zero order release kinetics, where the mechanism driving the release 

is the relaxation or swelling of the polymeric chains [174]. Bansal et al looked at gels that could release  

levofloxacin and metronidazole in controlled manner for the treatment of periodontitis [175]. In their 

work, they found that the mechanism for drug release followed the Korsmeyer-Peppas with n being 

less than 0.5 indicating a Fickian diffusion release pattern [175].  

 

 



5. Toothpastes as a controlled release system  

Oral care products have come a long way from the rudimental formulations designed to clean teeth 

and freshen breath by removing plaque and delivering flavour compounds. As new discoveries and 

the needs of consumers have changed, toothpaste are no longer a simple formulation that only carries 

out one job. Instead, a modern formulation will be able to deliver active and inactive ingredients to 

the oral cavity. As the active ingredients need to reach and be sustained at their active site for certain 

duration to gain the most benefit, methods for increasing their residence time have been incorporated 

into formulations. Toothpaste actives have a very short effect on the teeth as after brushing, fluorides 

and other active compounds are quickly removed. As these compounds cannot form suitably strong 

bonds, they are either removed through rinsing of the mouth with mouthwash or other liquids, 

swallowing or are absorbed into the blood through diffusion and taken away from the oral cavity. The 

delivery and sustained release of active ingredients in toothpaste has the potential to create 

formulations which are capable of protecting and repairing teeth to a greater extent than what is 

possible now. By offering these improved characteristics, the prevalence of tooth decay, gum disease, 

minor dental disease and cost of treating these afflictions could decrease worldwide. As toothpaste is 

already a suitable medium to store and carry micro- or macroparticles, novel compounds can be 

loaded into formulations easily and tested.  

Mucoadhesive particles have been used to treat a variety of oral diseases although their application 

in toothpastes has only started to be researched. Incorporating these particles filled with active 

ingredients into novel formulations will allow for their sustained release over a longer time frame than 

conventional toothpaste. Micro and nanoparticles (NPS) made from chitosan have been studied as 

controlled release systems for oral care active ingredients. Chitosan has proven mucoadhesive 

properties, is nontoxic, easily removable from organisms and is capable of forming micro and NPS 

making it an ideal drug carrier for use in toothpaste and oral care products [176-178]. Liu et al showed 

sustained release of toothpaste actives from chitosan NPS for at least 10 h on their tooth analogues 

[179]. Aksungur et al (2004) looked at the use of chitosan as a delivery system for the treatment of 

oral mucositis, concluding that the use of a chitosan gel containing nystatin on the oral cavity provided 

significant healing and extended the retention time in the oral cavity due to its bioadhesive properties 

[180]. In addition to the standard active ingredients, antifungals, chemoprevention agents and 

medicinal drugs can be incorporated into particles or encapsulated and added to formulations [181-

183]. US patent US20140056949 discusses a controlled release mucoadhesive formulation for a 

chemoprevention agent incorporated into toothpastes, mouthwashes and chewing gum for the 

suppression of oral cancer and precancerous cells [181]. As the controlled release system is 

incorporated into oral care formulations, patient compliance and conformity was very high. 

Antimicrobial compounds commonly used in oral care products can be incorporated into NPS to aid in 

their delivery and sustained release in the oral cavity. Chlorohexidine is used in mouthwashes and 

specialised toothpaste but is quickly removed from the oral cavity after cleaning/spitting. To control 

and sustain its release, Verraedt et al introduced CHX diacetate into the pores of amorphous 

microporous silica [184]. By having the pore size of the silica less than 1 nm, a sustained slow release 

of chlorohexidine was achieved. The addition of a mucoadhesive grafting onto the surface of the silica 

would allow the adhesion of the silica onto the mucosal surface and the slow release of antimicrobials, 

drugs and compounds. WO patent WO2000006208A1 describes a toothpaste formulation that 

contains antimicrobial ceramic particles which are encapsulated in polymeric gel so they can impart a 

substantial antimicrobial activity in the limited time available during brushing [185]. The incorporation 



of NPS into oral care products is a rapidly expanding field. Various toothpastes and mouth-rinses 

contain nano-hydroxyapatite, used to seal dental tubules, reducing dental hypersensitivity [186]. 

 

Chewing gums bridge the gap between the traditional two brushing periods and offer a respite for our 

teeth by reducing plaque acid, removing foreign bodies and plaque whilst freshening the user’s breath. 

Using chewing gum as a short term release mechanism allows for the delivery of active ingredients 

into the oral cavity. The short amount of time the gum is in the mouth means the compounds must 

be able to diffuse out of the gum and into the oral cavity at a fast and controlled rate so as to maximise 

their effectiveness. Na et al looked at incorporating the anti-microbial peptide KSL as an antiplaque 

agent in a chewing gum formulation [187]. The study concluded that the novel gum formulation had 

a promising sustained release of 70-80% of the KSL in the gum over 20 minutes of chewing. A novel 

antibacterial wafer designed to treat periodontitis, was designed by Bromberg et al to be applied sub-

gingivally and showed zero-order release characteristics for at least 4 weeks [188]. Although not 

incorporated into an oral care product, the potential for a new oral care delivery system where films, 

wafers and gums can be applied to in the oral cavity and their active ingredients can be used to treat, 

repair and protect the oral cavity where traditional oral care products are not available or not enough 

to fulfil the requirements of the user.  

As flavour compounds are volatile, changes due to oxidation, heating and other physical and chemical 

interactions can change their sensory perception. Encapsulation provides excellent protection, 

improves stability and allows for controlled release of volatile and active compounds. All these 

benefits allow a volatile compound such as the flavours found in toothpaste to be delivered and 

sustained in the oral cavity for longer than if they were unprotected. The encapsulation of essential 

oils is a well-researched area due to the volatility of the oils. US patent 3957964 describes a toothpaste 

that contains encapsulated flavourings such as menthol and eucalyptol and the intensity of the flavour 

can be used to indicate whether brushing should be continued or ceased [189]. Toothpastes 

themselves have also been encapsulated to allow for storable single dose cleaning. US patent 

US4427116A discusses a predetermined amount of toothpaste that was encapsulated in non-toxic 

gelatine capsules where the user needs to bite down on the capsule to release the contents allowing 

for cleaning without a toothbrush [190]. Additionally, US patent 7074390 describes a similar invention 

with the addition of Miswak fibres to act as a natural toothbrush [191].  

 

6. Future challenges 

Oral care formulations have become a sophisticate multipurpose product capable of 

sustaining the release and residence time of active ingredient in the oral cavity, treating minor dental 

diseases and disorders whilst cleaning and providing protection throughout the day. More is known 

about what causes dental caries, sensitive teeth and other oral ailments and formulations to treat 

these have rapidly advanced. Even with these advances, continued research is leading to the 

development of new formulations which offer improved properties and protection over current 

formulations. New flavours and textures as well as a product which provides even greater quality of 

care will continue to be developed. When developing a complex product like toothpaste which 

contains multiple reagents and compounds there will always be challenges. The combination of 



antibacterial/antifungal agents need to be strong enough to eliminate most if not all the bacteria and 

fungi from the mouth. Too little will allow the surviving organism to become resistance to the 

antimicrobial/antifungal compounds used, creating issues in the future. 

Modern toothpastes as discussed above contain a wide array of therapeutic ingredients that need to 

be retained in the oral cavity for as long as possible to be most effective. One of the most important 

therapeutic ingredients included in oral care products is fluoride. Being able to retain fluoride even if 

it is a low concentration in the oral cavity for longer will help promote remineralisation and inhibit the 

production of acids by plaque bacteria [192-194]. Duckworth and Morgan showed that the 

concentration of fluoride decreased rapidly for the first 40-80 minutes and then slowed down over 

the next 100-140 minutes [171]. The challenge is how to increase the retention of active ingredients. 

The flow of saliva and deglutition (swallowing), rinsing the oral cavity out after brushing teeth and the 

consumption of food and drinks reduces the concentration of active ingredients throughout the day. 

To overcome this, a method of retaining active ingredients is needed.  

Cook et al looked at how CMC which is used in the food and pharmaceutical industry can modify the 

retention of sodium over time [195]. These studies showed that using a mucoadhesive polymer 

allowed for improved retention of sodium on the mucosa. With further research on the use of 

mucoadhesive polymers and their application to oral care formulations, an increase in retention of 

active ingredients may be achieved.  

Triclosan (TCS) is a commonly used antibacterial/antifungal agent found in certain toothpastes 

and mouthwashes. Whilst being an effective antimicrobial, there is divided opinion on the safety of 

the compound. Recently questions about the excessive use of TCS and its potential carcinogenic 

properties have led to uncertainty around its safety for long term use in formulations [188]. There is 

major concern that the widespread use of TCS in everyday products will lead to antibiotic resistance 

and the increase in usage and availability will accelerate this [196-198]. Skovgaard et al found that 

pathogenic bacteria, like S. epidermidis have started to build up a resistance to TCS which in turn will 

require the use of new antimicrobial compounds to replace TCS [196]. The study looked at bacteria of 

the same type which had been isolated in 1965 and present day and compared their resistance to TCS. 

Of the samples tested, 12.5% of the present-day bacteria were found to have tolerance towards TCS 

[196]. Although the build-up in tolerance is not a major concern just yet, if this trend is to continue 

and pathogenic bacteria become resistant to other widely used antibacterial/antifungal agents, this 

could have a serious impact on the environment in the future [199-200]. The use of TCS in such a wide 

variety of products has led to detection in aquatic ecosystems, which may pose an ecological problem 

as it is highly toxic to algae and could lead to the death of wildlife which rely on algae for nutrients 

future [199-200]. If a regular supply of TCS gets into surface waters, TCS resistance among benthic 

microbial communities such as bacteria, fungi and crustaceans will eventually occur future [199-200]. 

In the future, new antibacterial /antifungal agents will need to be developed to combat resistance.  

Another concern is that TCS may be a potential carcinogen with some studies linking the use 

of TCS and cancer [201-203]. Yueh et al found that in mice, long term exposure to TCS at elevated 

levels can lead to liver damage and hepatocellular carcinoma development [201]. However, these 

tests were only carried out on mice and the exposure to TCS in excess of their metabolic capacity 

which although possible in humans it is very unlikely. On the other hand, Lu and Archer (2005) used 

TCS as a fatty acid synthase inhibitor to suppress mammary tumorigenesis in rats [203]. The 



experiments found that, by administering 1000 mg/kg TCS into the rats’ diets, a 33% decrease in 

tumour multiplicity and a 38% reduction in tumour incidence was observed. Due to the need for 

further research and long-term human trials, more evidence is needed before a conclusive decision 

can be made. Much like TCS, CHX is an antimicrobial commonly used in mouthwashes and toothpaste. 

Although it is very effective at what it does, persistent or overuse of CHX has been known to stain 

teeth [204]. Finding an alternative or a being able to reduce staining caused by CHX would help 

improve products that use CHX and allow it to be used more long term than a few weeks. 

Nanotechnology is set to influence nearly every aspect of medicine and dentistry in the near 

future. Particles on a nanoscale can confer specific or amplified behaviours over those used on a macro 

scale. The particles can have their chemical reactivity changed and their potential to penetrate and 

interact with living organisms. Their small size also makes their incorporation into dentifrice and 

mouthwashes easier and nanocomposites, microfills and gels containing nanoparticles are currently 

used and are being extensively researched. Microfills have potential applications in permanently 

replacing silver amalgam and other metals which are used in dental fillings, but more advances are 

needed to match the strength of the currently used metals [205]. Nano silver is already incorporated 

into some toothpastes such as Coral Nano Silver toothpaste as an antibacterial agent and to control 

halitosis. Coral toothpaste advertises that its Ag404 is 10 times more effective than normal silver 

nanoparticles at destroying bacteria. The silver particles work by removing electrons from pathogenic 

bacteria causing cell death. Negatively charged nanoparticles are shown to exhibit the weakest 

antibacterial activity with neutral nanoparticles showing an intermediate level of antibacterial activity 

as demonstrated by Abbaszadegan et al where silver nanoparticles with different charges had their 

antibacterial affects analysed [206]. In addition to their antibacterial properties, a review by Yin et al 

found 11 papers that reported silver nanoparticles prevented demineralization of the mineral content 

of teeth [207]. The protection offered against demineralization allows for fluoride free toothpastes 

although their effectiveness at re-mineralizing enamel is less than fluoride. The use of nano-

hydroxyapatite in toothpaste has been shown to be very effective at re-mineralising enamel more 

effectively than fluoride as it is a better source of free calcium [208-209]. It is also able to bind to bones 

and promote their growth / repair them after better source of free calcium surgery [210]. A study by 

Grocholewicz et al found that using nano-hydroxyapatite gel in combination with ozone therapy was 

more affective at treating initial approximal enamel and dentine subsurface lesions better than either 

alone [211]. NanoZNO have anti-inflammatory properties as their small size allows them to enter cells 

through ion channels or pores [212]. Pati et al showed that zinc oxide nanoparticles are able to disrupt 

the intergrity of bacterial cell membranes, reduce cell surface hydrophobicity and enhance 

intracellular bacterial killing by inducing reactive oxygen species production [213]. The positive charge 

on metal nanoparticles allows negatively charged microorganisms to attract these particles leading to 

oxidation, disruption of the bacterial cell membrane and deactivation of cellular enzymes and DNA 

[214]. The strong antimicrobial and anti-inflammatory affects offered by nanoparticles, their ability to 

repair and protect teeth and the inability for bacteria to become resistant to them due to the great 

diversity of mechanisms exerted by nanoparticles will further drive research into this area as the 

benefits they already offer substantial benefits. Although nanotechnology is seen as the next big 

innovation in oral care products, research by Eslami et al has shown that current mouthwashes 

containing nanoparticles such as nanoTiO2, nanoZnO, nanoCuO and nanoAg produced enamel 

discolouration comparable to or even greater than CHX making them not very practical to use in 

formulations currently [205]. Nanotechnology is a relatively new field so further advances will be 



made in the coming decades. There is a vast amount of potential in nanotechnology to improve every 

aspect of oral care formulations. Dentin replacement therapy and major tooth repairs, increased 

potency of antibacterial agents and longer enamel protection will become available over the next few 

decades [215-216]. Continued investment and development in nanotechnology will help to overcome 

many of the issues faced in dentistry and medicine. 

 

7. Conclusion: 

Oral care products are used daily by billions of people all around the world and continuing 

development of these products will yield better and more efficient formulations. An ever-expanding 

market and the demands of consumers calls for a product that does more than just remove plaque 

and provide fresh breath. The demand for formulations that can whiten teeth, remove stains or help 

treat minor oral ailments has increased rapidly over the last 20 years. This review looked at how 

advances in the last century have led to products which are able to treat ailments, whiten teeth and 

treat dentin hypersensitivity. Although much time, resources and research has gone into creating 

modern oral care products, there is still room for improvement such as increasing flavour and active 

ingredient retention, improving the level of protection toothpaste are able to offer throughout the 

day and improving tooth repair and regeneration. Further research on new ways of increasing the 

retention time of formulations, improving the power to remove stains and plaque and investigating 

the efficacy of the antibacterial agents will lead to the development of novel more effective 

formulations which fulfil consumers’ demand. 
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