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Abstract: Oral care and dental hygiene are integral parts of self-care. In the past few decades, there has 

been increased development in mouthwashes as oral care products. However, existing products may 

lead to a dry mouth or rely on ethanol. Herein, for the first time, we investigated the antibacterial effects 

of cetylpyridinium chloride, a cationic surfactant, intercalated with montmorillonite, a smectite clay to 

form a cetylpyridinium chloride-montmorillonite clay complex. Antibacterial assays revealed that the 

complex was able to eradicate oral bacteria in human saliva within 2 minutes, at a concentration of 0.05 

g/L as determined by plating human saliva onto nutrient agar plates post-treatment. These are very 

encouraging findings that could improve mouthwash formulations to remove stains and plaque against 

various oral bacteria. 
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1. Introduction 

Oral health is an integral part of general health and cannot be over-emphasized for an 

individual’s well-being. Inefficient self-care practices mainly related to dental hygiene can 

increase the incidence of oral diseases leading to serious health risks such as chronic diseases, 

heart attacks, and strokes [1]. According to the World Health Organization (WHO), the two 

most commonly widespread oral diseases are dental caries and periodontal diseases [2]. Dental 

caries alone is responsible for affecting 2.5 and 0.5 billion adults and children respectively 

worldwide [3,4]. According to the WHO, oral diseases are prominent in high- and low-income 

communities alike [5,6]. Despite advances, the Middle East has experienced a rise in the 

prevalence of oral diseases, possibly due to (i) low levels of awareness regarding dental hygiene 

and self-care practices, (ii) high levels of sugar consumption, and (iii) increased levels of 

smoking and tobacco usage [7,8]. Unhealthy lifestyle habits, coupled with inadequate 

preventive and restorative dental medicine, may have contributed to the development of 

common dental ailments in the region [9]. These ailments include, but are not limited to dental 

caries, periodontal diseases, oral precancerous lesions, and cancer [9]. A recent study was 

conducted on 5-year-old children in the United Arab Emirates to determine the level of dental 
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caries in primary teeth. The data revealed that 83% of children had experienced dental caries 

and 52% suffered tooth decay [10].  

Extensive research on toothpaste, flossing, and rinsing with mouth wash has been 

conducted for the prevention and/or eradication of oral diseases. Several antibiotics and 

antiseptics such as chlorhexidine and cetylpyridinium chloride (CPC) have been incorporated 

into oral rinses, gels, and toothpaste [11-14]. The use of such antibacterials and antibiotics is 

in the inactivation or inhibition of oral bacteria [15,16]. Though useful, the prolonged use of 

antibacterial agents is controversial due to their side effects (17-19]. Excessive use of 

antibacterials and antibiotics can increase the risk of inducing resistance in bacteria [19,20]. 

Moreover, many types of mouthwash or rinses rely on alcohol, which may increase xerostomia 

(dry mouth) or may contribute to oral cancer [21].   

There are over 700 bacterial phylotypes present in the oral cavity, and while some of 

them are subject-specific, some are site-specific. Most bacterial families in the oral cavity are 

anaerobes or facultative anaerobes, allowing the bacterial strains to exist in the presence or 

absence of oxygen [22]. The overall aim of the present study was to test an alternative method, 

with fewer adverse effects, for bacterial removal that may be utilized with mouthwash or in 

toothpaste. This investigation formulated a novel complex formed by the intercalation of CPC 

with montmorillonite clay and then evaluated the antibacterial effects of this complex against 

selected oral bacteria present in human saliva.  

2. Materials and Methods 

Clay (Montmorillonite K10, surface area: 220-271 m2/g, CAS: 1318-93-0) and 

cetylpyridinium chloride monohydrate (CAS: 6004-24-6) were purchased from Sigma-

Aldrich. Cetylpyridinium chloride monohydrate (CPC) concentration in water was determined 

using an ultraviolet-visible (UV-VIS) spectrophotometer at a wavelength of 259 nm. A 

temperature-controlled flask shaker was used for mixing and temperature control. Fourier 

Transfer-Infra Red (FT-IR) spectroscopy (Bomem MB-3000 equipped with ZnSe optics and a 

DTGS detector) was used to analyze the functional groups on the sample’s surface. In addition, 

a scanning Electron Microscope (SEM) was used to analyze the surface morphology of the 

sample. 

2.1. CPC-clay complex preparation. 

The complex preparation was carried out by intercalation of CPC particles on 

montmorillonite clay to form the CPC-Clay complex (CCC). Stock CPC solution of 0.04 M 

was prepared by dissolving CPC in 1 L of distilled water. The stock CPC solution was diluted 

with distilled water to the desired concentration before experimentation. The CPC calibration 

curve was prepared by CPC solution absorbance measurements with known CPC 

concentrations at 259 nm using a UV-Vis spectrophotometer. 1 g of clay was added gradually 

(over a time period of 10 minutes) to 100 mL of CPC solution of known concentrations and 

agitated at 150 rpm for 24 days at 25oC. The CPC concentration before and after CPC-Clay 

intercalation was quantified spectrophotometrically at 259 nm. The amount of CPC intercalated 

on clay was calculated using this equation: 

𝑞𝑡 =
𝐶𝑜−𝐶𝑡

𝑚𝑎𝑑/𝑣
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where, qt and mad/v denote the mass of CPC intercalated as per the unit mass of clay (mg/g) at 

a given time and the mass of clay per unit volume used (g/L). Co and Ct refer to the CPC 

concentrations of the sample before and after intercalation (mg/L), respectively. Experiments 

were accomplished at different experimental parameters: contact time (0 – 24 hours), 

temperature (25 – 60oC), shaking speed (100-250 rpm), and initial CPC concentration (0 – 0.04 

M) to determine the optimum intercalation parameters of CPC-Clay complex formation. The 

CCC formed was filtered using a vacuum filter. The solid residue was washed with ample water 

to ensure that no (or negligible 10   6 M) free-CPC leaches out of the CCC when stirred in water. 

The washed CCC was dried in a vacuum oven for 24 hours at 30oC. The dried powder CCC 

was then stored in glass vials and kept in desiccators until further use.  

2.1.1. CPC-clay complex reversibility testing. 

To determine the reversibility of the CCC, 1 g of CCC was placed in 100 mL of distilled 

water and a shaker at 150 rpm for five days. Samples from the mixture were taken at different 

time intervals, filtered, and the filtrate was analyzed for the CP+ ions concentration in the 

solution spectroscopically to determine the reversibility of the complex, i.e., the release of CP+ 

ions from the complex to the aqueous phase. The short term (few minutes) and long term (few 

hours to days) tests help in determining the reversibility of the CCC through standard teeth-

brushing duration (1-2 minutes) and shelf life (few days), respectively. 

2.1.2. Bactericidal assays. 

This study was approved by the Institutional Review Board of the American University 

of Sharjah (IRB Approval # 45 CFR 46.110). One mL of saliva was obtained from three healthy 

subjects, and each sample was mixed with 99 mL of distilled sterilized water. To ensure equal 

distribution, the bottle was shaken 25 to 30 times thoroughly. This solution served as a control. 

Next, one mL from this diluted saliva sample was spread onto a nutrient agar plate, dried, and 

then the plates were incubated at 35C to mimic oral temperature for 48 hours, after which 

bacterial colonies were enumerated. To determine the effectiveness of the novel CCC in 

eliminating oral bacteria, 1 mL of saliva was mixed thoroughly with 99 mL of different 

concentrations of CCC (0.05 g/L – 1 g/L), and then samples were plated onto nutrient agar 

plates as described above. To determine the leachate effect, 0.05 g/L – 1 g/L of CCC was stirred 

for 15 minutes in distilled water and filtered. The CP+ ions leached out from the CCC (filtrate) 

were determined spectroscopically, and this solution was termed leachate. In a similar fashion, 

1 mL of saliva was added to 99 mL of leachate and plated. Similar experiments were carried 

out with different concentrations of free CPC to determine the minimum CPC concentration 

needed to eliminate the oral bacteria within two minutes of interaction.  

3. Results and Discussion 

3.1. Formation of CPC-clay complex. 

The analysis of the contact time effect on the intercalation efficiency of CPC is vital for 

determining the equilibrium time and the economic feasibility of the intercalation process. 

Figure 1a depicts the changes in the percentage CPC adsorption on clay as time varies from 0 

to 24 hours. Stirring the CPC solution with the clay for a longer time was shown to have a 

significant effect. Initially, the CPC solution contained 1.28 x 10-3 moles and, after stirring the 
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mixture for four hours, approximately 50% of the CPC moles were intercalated with the clay. 

Upon stirring the mixture for a further 10 hours, the increase in adsorbed moles is much less 

pronounced, only going up to ~55%. Therefore, the optimum time was 10 hours, after which 

no significant increase in the adsorption of CPC on clay was observed. This longer time 

requirement can be explained in terms of diffusion and movability of the adsorbate size and 

mass as the intraparticle diffusion of large molecules of CP+ to the porous network of the 

adsorbents is slow. The effect of the initial CPC concentration on the adsorption efficiency of 

the CPC is depicted in Figure. 1b. The percentage adsorption efficiency of CPC on clay 

decreased appreciably as the initial CPC concentration was increased. This can be attributed to 

the fact that the clay has a specific finite number of active sites available for adsorption and 

cation exchange capacity.  

To determine the effect of temperature, the intercalation efficiency of CPC on clay was 

accomplished at five different temperatures ranging from 25, 36, 40, and 50 and 60°C, with 

36°C mimicking the temperature in the oral cavity. The variations in the percentage of CPC 

adsorbed on clay with a temperature change were pronounced (Figure 1c). Increasing 

temperature from 25C - 60C decreased adsorption from 60% to 49%. This shows that the 

intercalation or the adsorption of CPC is likely an exothermal process. Hence, lower 

temperatures encourage intercalation of montmorillonite with CPC, whereas higher 

temperatures discourage intercalation with CPC from aqueous solutions.  

 
Figure 1. A) Effect of contact time on adsorption efficiency of CPC using clay. Experimental conditions 

comprise: clay dosage: 1 g/L, initial CPC concentration: 0.0144 M, temperature: 25oC, solution volume: 100 

mL, and stirring speed: 150 rpm. B) Effect of initial CPC concentration on adsorption efficiency of CPC using 

clay. Experimental conditions comprise: clay dosage: 1 g/L, contact time: 24 hours, temperature: 25oC, solution 

volume: 100 mL, and stirring speed: 150 rpm. C) Effect of temperature on adsorption efficiency of CPC using 

clay. D) The irreversibility test of the complex. 

Studying the reversibility of the complex is essential in determining the complex's 

stability and understanding the mechanism of complex-bacterial interaction. The reversibility 
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test was carried out for samples synthesized at various contact times, different concentrations, 

and multiple temperatures. The results dictate that only ~1-2% of the intercalated CP ions 

dissociated from clay. The concentrations of CPC in the leachate after one hour and three days 

were below the detection limits and within the order of magnitude of 10-6 M, respectively. The 

high stability of the complex could be attributed to different methods through which CPC may 

be intercalated with clay. CPC is initially adsorbed by the clay through ion exchange, a 

relatively irreversible process, but continues to form layers through hydrophobic interactions, 

which are reversible. Thus, the mixing of the complex with water should result in 

comparatively dilute leachate with a concentration in the order of 10-6 M because most of the 

CPC moles are attached irreversibly. 

3.1.1. CPC-clay complex characterization. 

The surface structures for clay, CPC, and Clay-CPC complex were identified by SEM. 

Figure 2 displays the SEM images for clay, CPC, and Clay-CPC complex. It is evident that 

upon complexation, the size of the particles increases with a more homogeneous surface. This 

indicates that the complexation of CPC with clay resulted in a surface modification that might 

alter its surface activity.  

 
Figure 2. Representative scanning electron microscopic (SEM) images for (a) Clay; (b) CPC, (c) Clay-CPC 

complex.  

The structures of the Clay, CPC, and Clay-CPC complex were characterized by FTIR 

spectroscopy (Figure 3). It is clear that the spectra of the complex indicate the successful 

complexation of clay with CPC. This is evident from the appearance of the peaks at 2921, 2850, 

and 1486 cm-1 in the complex spectra. Furthermore, the complexation led to the modification 

of the band at 3612. All these observations indicate the formation of the Clay-CPC complex. 

3.1.2. CPC-clay complex exhibited potent bactericidal activity. 

In order to determine the antibacterial properties of the complex, varying concentrations 

of CPC-clay complex were tested. Figure 4a and Table 1 show the effects of varying 

concentrations of the same CPC-clay complex on bacterial c.f.u. at various time intervals in 

comparison to without the CPC-clay complex, which depicted approximately 250 c.f.u. CPC-

clay complex revealed antibacterial activity at a minimum concentration of 0.05 g/L and was 
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able to eliminate bacteria after 2 minutes. Concentrations greater than 0.05 g/L eliminated 

bacteria from the solution in less than 2 minutes. Overall, these results indicate that the complex 

does possess antibacterial properties, with 0.05 g/L the minimum complex concentration 

required. 

 
Figure 3. Representative Fourier Transform Infrared Spectroscopic (FTIR) spectra for clay, CPC, and CPC-clay 

complex.  

 

 
Figure 4. A) Effects of varying concentration of CPC-micelle complex on bacterial count. B) Effects of an 

unwashed complex prepared by shaking, and its leachate, on bacterial colonies over time. Note that CPC-

micelle complex revealed antibacterial activity at a minimum concentration of 0.05 g/L and is able to eliminate 

bacteria after 2 minutes. 
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Furthermore, the effectiveness of the complex to that of the free CPC that leached out 

after being in contact with water was tested to ensure that the complexation with the clay 

enhanced the antibacterial properties. Figure 4b shows the effects of the unwashed CPC-clay 

complex on CFU over time and compares them to the effects of its leachate. The results 

revealed that the bactericidal effects of the complex were greater than those of the leachate as 

the number of colonies decreased. The data demonstrate that the adsorption property of the 

clay may play a role in the mechanism of action of this complex. Within 1 min, the number of 

c.f.u. were reduced to 85, 8, 4, and 3 at 0.05g/L, 0.5g/L, 1g/L and 2 g/L respectively. While at 

2 min post-incubation, the number of c.f.u. was reduced to 78, and 0 at 0.05g/L, and 0.5g/L, 

respectively. 

Table 1. Effects of varying concentrations of CPC-micelle complex on bacterial colony-forming units count at 

various time intervals. 

Time (min) Control 2g/L 1g/L 0.5g/L 0.05g/L 

0 250 250 250 250 250 

1 250 3±1.53 4±1.15 8±10.6 85±26.2 

2 250 0 0 0 78±24.7 

5 250 0 0 0 78±24.7 

10 250 0 0 0 43±12 

30 250 0 0 0 15±9.3 

Two complexes prepared using different initial CPC concentrations were tested to 

investigate whether a higher initial CPC concentration would provide a more potent 

bactericidal effect. Figure 5 shows that the greater the initial CPC concentration, the faster 

bacteria are eliminated from the saliva samples. The saliva samples used were diluted with a 

dilution factor of 10-2. The results also indicate that lysis plays a role in the way the complex 

operates, as it appears that greater CPC levels, which act by lysis, provide a greater bactericidal 

action. Next, the effects of the leachate were compared to those of a similar concentration of 

pure CPC to ensure that pure CPC and the leachate behaved similarly. The leachate obtained 

had a concentration of 1.16 x 10-6 M, while the free CPC solution had a CPC concentration of 

1 x 10-6 M. Figure 5b shows an overall similarity between the effects of free CPC and the 

leachate obtained from the complexes (p = 0.37).   
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Figure 5. A) Effects of CPC-micelle clay complexes prepared using different initial CPC concentrations on 

CFU over time. B) Comparison of the effects of the leachate and free CPC over time. 

The expanding market for oral care products has led to continued development in the 

formulation of innovative materials to improve further and augment oral health care routines 

[21]. Currently, alcohol is a major component of the majority of mouthwashes available. 

However, the utilization of high concentrations of ethanol may cause dryness as well as 

irritation to the mouth. Moreover, the use of alcohol in mouthwashes may increase the risk of 

oral cancers [23]. To overcome these issues and still deliver a similar quality of cleanliness, 

alcohol-free mouthwashes have been developed utilizing a blend of essential oils, ionic and 

non-ionic surfactants [21]. However, given the emergence of multidrug-resistant bacteria, there 

is a continuous need to improve oral care products. In the present study, we adopted a novel 

approach to developing a mouthwash with antibacterial properties. For the first time, 

cetylpyridinium chloride, a cationic surfactant, was intercalated successfully with 

montmorillonite, a smectite clay, to form a cetylpyridinium chloride-montmorillonite clay 

complex (CCC) to be utilized as a mouthwash or toothpaste which is capable of eliminating 

oral bacteria. The results revealed that 0.05 g/L of CCC was capable of eliminating oral bacteria 

within 2 minutes. The antibacterial effect of the complex was superior to that of its leachate or 

free-CPC (10-6 M).  

A limitation of this study was to determine the identity of bacterial species present in 

the saliva and/or determine CCC efficacy using purified bacterial colonies. However, the 

purpose of the study was to test the effects of CCC in eradicating bacterial colonies from 

selected saliva samples in vivo. We used a simple assay to demonstrate that CCC can eradicate 

bacteria. As samples were plated onto nutrient agar plates, it is unclear whether anaerobic 

bacteria and possibly other unculturable bacteria are affected by CCC, which requires further 

investigation. In addition, there is a need to determine the effects of CCC on bacterial colonies 

from different populations as they likely represent varied microbial compositions.  

4. Conclusions 

To conclude, these results showed that CCC exhibit potent effects against culturable 

bacteria in human saliva. Reversibility tests confirm the stability of the complex and its 

promising use as an ingredient in toothpaste or other oral care products as an effective 

antibacterial agent in oral hygiene. While these are very promising findings, future studies are 

needed to investigate the effects of this novel CPC clay complex against the different types of 
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oral bacteria (anaerobic and unculturable bacteria), molecular mode of action, as well as 

formulation of the complex for future commercial use.  
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