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초록: 치아 미백 양치액 개발을 위해 착색 방지 및 예방 효과를 정량적으로 평가할 수 있는 방법이 고안되었다. 착                 

색을 유발하는 물질은 대표적인 치아 착색 음식 중에서 선정되었고, 새로운 착색 지수가 착색의 척도로서 새롭게              

정의되었다. 하이드록시아파타이트 분말이 착색 방지 및 착색 제거 평가에 치아 대체물로 사용되었다. 착색의 정도는             

크로마 미터를 이용하여 정량적으로 평가하였다. 파이로포스페이트계 킬레이팅 물질보다는 고분자 인산염(SHMP)을         

포함하는 양치액이 매우 뛰어난 착색 예방 효능을 보였다. 본 연구에서 개발된 1% SHMP를 포함한 비과수 양치액               

이 시판되는 양치액 대비 매우 뛰어난 착색 예방 및 제거 효능을 보였다. 이 결과로부터 SHMP를 사용하는 치아                

미백 양치액이 과수에 민감한 소비자들에게 효과적으로 사용될 수 있으리라 기대한다. 

Abstract: Facile and quantitative methods for evaluating daily stain prevention and removal efficacy were designed for 

developing daily whitening mouthwashes. A new daily staining index was defined as a measurement of stains. Hydroxy-

apatite powder was used as a tooth substitute and the degree of staining was quantitatively evaluated. Mouthwashes con-

taining polymeric phosphates, sodium hexametaphosphate (SHMP), showed significantly higher stain prevention efficacy 

with just one treatment than those containing common pyrophosphate chelating agents. The newly developed daily whit-

ening mouthwash containing 1% SHMP without hydrogen peroxide showed excellent daily stain prevention and removal 

efficacy compared with a typical commercial mouthwash. We expect that consumers with teeth sensitive to hydrogen per-

oxide can effectively use this SHMP-containing mouthwash as a teeth-whitening mouthwash. In addition, we believe that 

the new approaches introduced in this study can contribute to opening up new avenues in the field of teeth-whitening oral 

care products.

Keywords: stain prevention, stain removal, teeth whitening mouthwashes, polymeric phosphate, sodium hexamet-

aphosphate.

Introduction

Maintaining white teeth and a bright smile is an important 

beauty factor because it has been a representative symbol of 

youth and beauty. The scale and trend of the teeth whitening 

market as well as the government regulations on whitening 

vary. Moreover, the preference for whitening products strongly 

depends on the customers. For example, Americans favor pro-

fessional-level whitening within a short time by actively using 

high-concentration peroxide products. In the US, teeth-whit-

ening products are considered cosmetics with no limits on the 

peroxide concentration.1-5 Conversely, the Korean Food and Drug 

Association regulates the peroxide concentration in oral hygiene 

products as <0.75% by quasi-drug safety and thus, customers 

have less preference for extra teeth whitening products.6 How-

ever, according to the customer survey in Korea, the customers 
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wish to whiten their teeth using daily oral hygiene products. 

Depending on their deposited locations, dental discoloration 

can be classified into extrinsic and intrinsic strains.7 The 

extrinsic stain can be formed via the adhesion of chromogens 

when ingesting foods and beverages such as coffee, tea, and 

wine. The chromogens of coffee, tea, and wine are tannins 

containing polyphenols such as catechins and leucoanthocy-

anidin. These chromogens have a conjugated double bond, and 

it has been widely reported that they bind to the tooth surface 

via an ion exchange mechanism.

In addition, the foods and beverages, such as coffee, tea, and 

curry, may generate stains by physically depositing their chro-

mogens on the tooth surface. The attractive forces include elec-

trostatic, van der Waals forces, hydration forces, hydrophobic 

interactions, dipole-dipole forces, and hydrogen bonds. Elec-

trostatic forces can be dominant in the oral cavity, because the 

enamel is negatively charged, consequently resulting in the selec-

tive adhesion of positive chromogens.7 Moreover, the chro-

mogens can be attached to the enamel surface via a calcium 

bridge of hydroxyapatite (96% components of dentinal enamel),8

as illustrated in Figure 1.7 Such pigmentation tends to darken 

over time and is more challenging to remove. The darkening of 

the color is associated with the subsequent formation of a 

metal bridge between the hydroxyl group of polyphenol and 

the metal ion in the oral cavity. In other words, the polyphenolic 

components and metal ions in the saliva or foods stack to form 

a layer-by-layer structure on teeth surfaces. Thus, it is con-

siderably challenging to remove the stain.7

Few whitening efficacy evaluation methods are used in the 

teeth-whitening field. The pellicle cleaning ratio (PCR) pro-

cedure has been widely used in the field to assess the stain 

removal performance of whitening toothpastes.9,10 The PCR 

procedure can be performed by obtaining the enamel samples 

from bovine permanent incisors or human enamel and embed-

ding them in a rectangular acrylic resin with the enamel sur-

face exposed. The staining solution can be prepared using 

coffee, tea, ferric chloride, and gastric mucin with oral bacteria, 

and the samples should be stained for at least 10 days for mim-

icking the aged teeth stains using Stookey’s method.10 To ini-

tiate the PCR method, a brushing machine is required for 

evaluation. The difference between the pre-brushing and post-

brushing tests for each color factor (L, a, b) represents the abil-

ity of the test toothpastes to remove the stain and whiten the 

teeth. The overall color change in a stain can be calculated 

using the following equation:

ΔE = {(ΔL)2 + (Δa)2 + (Δb)2}1/2 (1)

The PCR was calculated as follows:9 

PCR =  × 100 (2)

This PCR evaluation requires time-consuming, cumber-

some, and complex process, because it is designed to mimic 

aged stains. In addition, the PCR method is not appropriate for 

daily staining removal or prevention. Particularly, this method 

does not apply to the assessment of mouthwashes that do not 

use an abrasive. 

Stookey’s staining method can lead to different results owing 

to the deviation between the bovine and human enamel spec-

imens. To overcome this limitation, the hydroxyapatite (HAP) 

disc specimens as artificial teeth have been used instead of the 

bovine or human enamel specimens. Ahn et al. investigated

HAP discs to develop the color index of teeth for the most pop-

ular Korean foods and the stained samples for 7 days for quan-

titative tests.11 These models can be adopted to simulate the 

aged stains, but this approach is inadequate for a daily stain 

assessment.

Baig et al. evaluated the stain removal efficacy of whitening 

toothpastes using the HAP powder.12 However, a large content 

of abrasives (10-65 wt%) that are water-insoluble particles, such 

as silica, calcium carbonate, sodium bicarbonate, and dicalcium 

phosphate dehydrate, are included in toothpastes. Moreover, 

when the color of the HAP powder specimens is directly mea-

sured for analyzing whitening efficacy, the white-colored abra-

sives cause bias in measuring the true color of the samples. Thus, 

they introduced an indirect method to obtain more accurate and 

quantitative values as a measurement of stain removal efficacy.12

Baig et al. dispersed stained HAP powders in a concentrated 

ethylenediamine tetraacetic acid (EDTA) solution, centrifuged, 

and evaluated the removal efficacy of the toothpastes using a 

colorimeter to measure the solution color of the supernatant. 

However, this method requires a time-consuming step, which 

significantly limits its widespread application to evaluate the 

whitening efficacy of oral care products.

In this study, we designed new testing methods for eval-

Test toothpaste ΔE

Reference toothpaste ΔE

Figure 1. Schematic of mechanism of dental stain formation asso-

ciated with caffeic acid.
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uating the stain prevention and removal efficacy of the mouth-

washes based on direct color measurements of the HAP 

powders. Considering consumer requirements, we developed a 

new method for quantitatively measuring teeth stains, and 

assessed the whitening efficacy of two types of mouthwashes 

(with and without hydrogen peroxide), which have been used 

as teeth whiteners in dentistry for over 100 years.13 In this work, 

for the first time, a new composition of mouthwash containing 

polymeric phosphate (SHMP) was developed for customers 

who do not use peroxide-containing products owing to the 

peculiar irritation and distinctive tastes of peroxide.

Experimental

Materials and Preparation. Hydroxyapatite (HAP) pow-     

der with an average particle size of 3 um was purchased from 

OCI (Korea). black coffee (Folgers Classic Roast Coffee, J. M. 

Smucker Co., USA), black tea (Lipton Pyramid English Break-

fast Tea, Unilever, Poland), chocolate (Nestle Hot Choco Orig-

inal, Nestle, Korea), curry (Ottogi Curry Powder Mild, Ottogi, 

Korea), kimchi stew (Bibigo Pork Kimchi Stew, CJ Cheiljedang, 

Korea), and instant noodles (Shin Ramen, Nongshim, Korea) 

were used as teeth-staining foods. Chelating agents tested in 

this work, tetrasodium pyrophosphate (TSPP, molar mass = 

266 g/mol), sodium acid pyrophosphate (SAPP, molar mass = 

222 g/mol), and sodium hexametaphosphate (SHMP, molar 

mass = 611 g/mol), were purchased from Seodo BNI (Korea). 

All other chemicals used were of analytical or reagent grade. 

For the preparation of a peroxide mouthwash, a flavor and a 

solubilizer were mixed by a disperser. Then, 0.02% sodium flu-

oride, 1% sodium hexametaphosphate (SHMP), a sweetener, a 

pH adjuster, and purified water are added and mixed with 

0.55% hydrogen peroxide until all ingredients were completely 

dissolved. A non-peroxide mouthwash was prepared using the 

same procedure as the peroxide mouthwash, except for adding 

0.5% tetrasodium pyrophosphate (TSPP) instead of 0.55% 

hydrogen peroxide. As a control, a commercial mouthwash 

(Garglin Zero), which contains 0.02% NaF without TSPP, SHMP, 

and peroxide, was examined.

Preparation of Staining Solutions. Instant noodle soups,      

curry, and kimchi stew were prepared following the recipes 

provided on the packaging, and their solid ingredients were 

removed via centrifugation before adding them to the HAP 

powder. Commercial Lipton tea was brewed. Typically, 2 bags 

were immersed in 200 g of boiled water for 3 min. Coffee 

powder (14 g) was dissolved in hot water (196 g). Hot choc-

olate powder (48 g) was dissolved in 120 g of hot water for 5 min 

and then the remaining insoluble substances were removed via

centrifugation.

Evaluation Method of Coloring. The color of samples was     

quantified using the CIELab color space. Each color was rep-

resented by the color coordinates (L*, a*, b*) of the color 

point. A chroma meter (CR-321, Minolta Co., Japan) was used 

to identify the L, a, and b values, which are defined as:

a* = chromaticity coordinate for red-green (red = +a*;

   green = -a*) (4)

b* = chromaticity coordinate for yellow-blue (yellow = +b*;

    blue = -b*) (5)

L* = lightness (0 = black; 100 = pure white). (6)

For quantitative analysis, approximately 0.2 g of the powder 

was transferred onto a slide glass and covered by a cover glass. 

The color change was directly measured using a chroma meter.

Measurements of Staining Index. In particular, the stain-     

ing degree of teeth is highly dependent on the experimental 

conditions (e.g., temperature and time), so they were adjusted 

to mimic typical eating and drinking habits. In this regard, the 

optimal contact time for the staining of HAP powders was 

determined to be 1 min using beverages such as coffee, tea, 

and hot chocolate. The adequate contact time was set to be 10 

min for foods, such as instant noodles, curry, and kimchi stew. 

After contacting the HAP powders with the staining food sam-

ples for a fixed time, they were washed with distilled water and 

completely dried. To measure the staining index using a 

chroma meter, the stained HAP powders were sandwiched 

between a slide glass and cover glass. The staining index (ΔE), 

defined as {(ΔL)2 + (Δa)2 + (Δb)2}1/2) in this work, was calculated 

from ΔL (Lstained − Linitial), Δa (astained – ainitial), and Δb (bstained – binitial).

Stain Prevention Efficacy Tests. To measure stain pre-     

vention efficacy, the HAP powder was pre-treated with solu-

tions of different chelating agents. First, 2 g of the HAP powder 

was transferred to conical tubes. Then, 40 mL of mouthwashes 

were added and vortexed for 1 min. Subsequently, the mixture 

was then centrifuged at 4000 rpm for 15 min, and then, the 

supernatant was discarded. Further, 40 mL of water was added 

to the wet powder to remove the residual solutions. The wash-

ing process was repeated twice. Finally, the powders were vor-

texed and then centrifuged. The resulting powders were stained 

by a coffee solution with the highest staining index among the 

representative teeth-staining foods. A coffee solution was pre-

pared by dissolving 14 g of coffee powder in 196 g of hot water. 

After 40 mL of hot coffee solution was added into a conical 
 Polym. Korea, Vol. 47, No. 3, 2023
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tube with 2 g of pre-treated HAP powders, and the tube was 

vortexed for 1 min to homogeneously disperse the powders in 

the coffee solution. The coffee solution was then centrifuged 

for 15 min at 4000 rpm and washed twice with 40 mL of water. 

After centrifugation, the supernatant was removed, and then, 

the powders in the conical tube were dried at 70 ℃ overnight.           

After drying, the powders were transferred to a plastic dish for 

complete drying. For quantitative tests, L, a, and b values were 

measured using a chroma meter using approximately 0.2 g of 

sample powders. The efficacy of stain prevention was calculated 

as reduction percentage versus water using the following equation:

Reduction percentage (%) = 

 × 100 (2)

Stain Removal Efficacy Tests. To monitor stain removal       

efficacy, the pre-stained HAP powders were used after com-

plete drying. The samples were exposed to 40 mL of mouth-

washes for 1 min, and the mixture was centrifuged. The resulting 

powders were washed with water at least three times. Finally, 

the resulting color changes in the HAP powders were inten-

sively examined using a chroma meter. 

Results and Discussion

Method of Indexing Stain using CIELab Chroma Meter.       

The staining indexes of the representative food samples were 

calculated through a direct color measurement of HAP powder 

using a chroma meter. To obtain the daily staining index, the 

reasonable contact times for beverages and foods were deter-

mined as 1 and 10 min, respectively. The highest-staining food 

was observed to be coffee, as shown in Figure 2. The staining 

indexes of tea, kimchi stew, curry, and instant noodle soup 

were similar to each other (Figure 2). In particular, chocolate 

exhibited the lowest staining index, indicating that it causes 

relatively less teeth-staining.

The teeth-staining is attributable to calcium ions (Figure 1), 

which combined with the polyphenol species (staining ingre-

dients of coffee or tea), strongly adsorb onto the surfaces with 

just one treatment on the tooth surface. It is considered that the 

higher staining index of coffee, compared with that of tea, is 

due to the oily components in coffee.14 Ahn et al. reported the 

staining effect of the oily component on the HAP disc by com-

paring kimchi and kimchi stew.11 Presumably, the hydrophobic 

interaction between HAP powders and oily molecules in coffee 

may form strong bonding, resulting in a higher staining index.

To examine the efficiency of chelating agents as a teeth whitener, 

SHMP, SAPP, and TSPP with phosphate functional groups 

were tested (Figure 3). Among them, pyrophosphates have 

been widely used in oral hygiene products. Recently, SHMP 

has been embedded in whitening toothpastes as a substitute for 

hydrogen peroxide, which has been used as a popular teeth 

whitener for a long time.12,15

To evaluate stain prevention efficacy, coffee with the highest 

staining index was selected, and the quantitative results of stain 

prevention against coffee are listed in Table 1. The stain pre-

vention efficacies of TSPP and SAPP were largely similar. 

Notably, SHMP showed excellent prevention efficacy against 

coffee. This can be explained by the wide and strong coverage 

capability of SHMP over the teeth surface (Figure 4). The enamel, 

the thin outer layer of the tooth, is composed mainly of HAP, 

constituting 96 wt% of enamel. HAP, Ca10(PO4)6(OH)2, has 

ΔE (water) – ΔE (mouthwash)

ΔE (water)

Figure 2. Staining index of the representative food samples selected 

among highly teeth-staining Korean foods.

Figure 3. Structures of TSPP, SAPP and SHMP.

Table 1. Comparison of Daily Stain Prevention Efficacy of TSPP, 

SAPP, and SHMP Versus Water

L a b ΔE
Prevention efficacy

(%)

HAP 94.58 -0.75 0.68 - -

Water 66.89 4.20 16.51 32.28 -

TSPP 73.02 3.00 13.40 25.32 21.6

SAPP 73.11 2.73 12.81 24.91 22.8

SHMP 89.09 0.48 4.71 6.92 78.6
폴리머, 제47권 제3호, 2023년
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abundant calcium ions with six repeating phosphate groups. 

For TSPP and SAPP with a bidentate structure, they can com-

plex with one calcium ion, so they have a more limited cov-

erage, compared with SHMP. However, SHMP, a polymeric 

phosphate with a multi-dentate structure, can complex with 

multiple calcium ions, leading to a highly strong affinity over 

wide teeth surfaces. Based on these results, we selected SHMP 

as a key component of daily teeth-whitening mouthwashes.

Daily Stain Prevention Efficacy of Mouthwashes. Typ-      

ical teeth-whitening agents in oral care products, such as tooth-

paste and mouthwash, used in Korea are hydrogen peroxide 

and TSPP. Hydrogen peroxide and TSPP can brighten teeth via

stain removal when used for a long time via bleaching and 

chelating mechanisms, respectively. However, a long time is 

required for customers to notice their whitening effect. The most 

effective daily stain prevention agent, SHMP, was selected as 

the primary active ingredient of our experimental mouthwashes. 

Despite the strong bleaching properties of hydrogen peroxide, 

numerous customers do not prefer hydrogen peroxide-con-

taining mouthwashes because of their drawbacks of distinctive 

taste, allergic reaction, and hypersensitivity.16 Hence, we devel-

oped both a hydrogen peroxide-containing mouthwash and a 

non-peroxide mouthwash, as shown in Figure 5. It was found 

that the efficacy of mouthwashes was very similar in the range 

of 1.0 to 2.5%. As the concentration of phosphates increased, 

however, the possibility that phosphates stimulate teeth greatly 

increased, causing a teeth sensitivity issue. In this work, con-

sidering consumers with sensitive teeth to phosphates, 1.0% 

SHMP was included in the mouthwashes. Typical mouthwashes 

in Korea contain 0.02% NaF as a cavity protection agent. To 

evaluate the daily stain prevention efficacy of the three types 

of mouthwash, the HAP powder-based staining index method 

developed in this study was used. As shown in Figure 6, both 

the peroxide mouthwash and non-peroxide mouthwash with 

SHMP exhibited considerably higher whitening efficacy than 

the control. The stain prevention percentage by non-peroxide 

mouthwash was observed to be 62.1, 62.5, and 14.7% for curry, 

kimchi stew, and instant noodles, respectively, and 69.5, 79, 

and 41.6% for coffee, tea, and chocolate, respectively.

Daily Stain Removal Efficacy of Mouthwashes. The dig-     

ital images of the HAP powders before and after stain removal 

tests are shown in Figure S1. Two SHMP-containing mouth-

washes exhibit brighter images compared with the control 

mouthwash, indicating that the stain is effectively removed. 

The two mouthwashes containing SHMP showed higher stain 

removal efficacy for the representative staining foods com-

pared with the commercial mouthwash (Figure 7). The high 

efficacy may be arising from the considerably stronger bond-

ing of the phosphate groups with calcium ions than that of tan-

nic acid (stain). It can most reasonably be inferred from the 

difference in the bond strength that the stains on the outer sur-

faces of teeth are replaced by SHMP, as illustrated in Figure S2.

Notably, the phosphate mouthwash without peroxide showed 

excellent stain removal efficacy comparable with peroxide 

mouthwash.

Figure 4. Comparison of stain prevention efficacy of pyrophosphate (left) and hexametaphosphate (right)

Figure 5. The active ingredients of two mouthwashes and commer-

cial mouthwash (Garglin).

Figure 6. Stain prevention efficacy of three kinds of mouthwashes 

against the teeth-staining foods.
 Polym. Korea, Vol. 47, No. 3, 2023
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Conclusions

The colors of the stained HAP powders selected as a teeth 

substitute were rapidly and precisely measured using a CIELab 

chroma meter. The daily staining index as a measurement of 

teeth discoloration was newly designed using the color coor-

dinates (L*, a*, b*) of the color point. A new method for eval-

uating the daily stain prevention capability was established. 

SHMP exhibited the highest prevention ability among the che-

lating agents tested. A newly developed daily whitening 

mouthwash containing 1% SHMP without hydrogen peroxide 

showed excellent daily stain prevention and removal efficacy 

compared with a typical commercial mouthwash. Notably, the 

phosphate mouthwash without peroxide showed excellent stain 

removal efficacy compared with that of peroxide mouthwash. 

We expect that the phosphate-based teeth whitening mouth-

wash can help consumers with teeth sensitive to hydrogen per-

oxide. In addition, we believe that the new approach proposed 

in this study can contribute to facilitating the optimal design and 

adequate evaluation of teeth-whitening mouthwash products.
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Figure 7. Stain removal efficacy of three types of mouthwashes 

against the representative teeth-staining foods.
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