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ABSTRACT 

 

Cytotoxicity test of dentin bonding agents  

using dentin substitutes in a dentin barrier test 

 

Mijoo Kim 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Kwang-Mahn Kim, D.D.S., Ph.D.) 
 

The aim of this study was to compare the experimental results of dentin 

barrier test using dentin substitutes – millipore filters or polyurethane disc – 

with those using natural bovine dentin in order to find a proper standard 

barrier and perform the cytotoxicity test of dentin bonding agents by selected 

substitute. 

The three-dimensional cells attached to dentin disc or millipore filters as 

the dentin substitute were tested in a dentin barrier test by perfusion. MTT 

assay was performed as an evaluation method for the cell survival rate. The 

cytotoxicity test of serial phenol dilution by bovine dentin disc was done to 

determine a standard toxic material, and the test of this proper phenol by 

various millipore combinations was performed to find the suitable dentin 

substitute. Also, the cytotoxicity test of commercial bonding agents was 

performed by this standardized substitute. The cell viability was expressed as 

percentages of untreated group. The cytotoxicity test by polyurethane discs 

with monolayer cells was performed as the same way by that of the millipore 

filters.  
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Phenol concentration of 0.05 % was selected as the standard toxic material. 

The different combinations of millipore filters – two sheets of 0.45 μm, two 

sheets of 0.22 μm, and filter combination of 0.65 μm, 0.45 μm, and 0.22 μm – 

showed similar cytotoxicity to bovine dentin discs by 0.05 % phenol (P > 

0.05). The millipore combination of 0.65 μm, 0.45 μm, and 0.22 μm that had 

the most structural similarity to dentin discs was used as the substitute for 

cytotoxicity test of bonding agents. The toxic level of Adper Prompt L-Pop ® 

using the selected substitute was significantly the highest among four kinds of 

dentin bonding agents (P < 0.05). Also, dentin barrier test by millipore 

substitute showed constant results compared with the one by 500 μm 

thickness of bovine dentin disc. 

The cell viability by 40-pcf polyurethane disc was not statistically different 

from that by bovine dentin disc (P > 0.05). Futurabond DC ® resulted in the 

highest cell viability and Bond force ® the lowest by the 40-pcf polyurethane 

disc (P < 0.05). The adhesives on the 40-pcf polyurethane disc changed 

cellular morphology with different degrees on the SEM images. 

In conclusion, filter combination of 0.65 μm + 0.45 μm + 0.22 μm and 40-

pcf polyurethane disc can replace bovine dentin used in a traditional dentin 

barrier test and those can make more constant results in the test. Especially, 

considering the structural stability, 40-pcf polyurethane disc is recommended 

as more suitable substitute than a filter combination. Dentin barrier test by 

standardized substitutes can be a useful method for considering the potential 

toxicity of materials applied to dentin prior to their clinical adaptations and 

reducing the variations of bovine dentin discs that have different 

characteristics individually. 

Key words: cytotoxicity, dentin barrier test, dentin bonding agent, dentin 

substitute, perfusion cell culture
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I. Introduction 

1. Dentin in tooth structure 

Dentin is a calcified tissue of the body, and along with enamel, 

cementum, and pulp is one of the four major components of teeth. It is 

usually covered by enamel on the crown and cementum on the root and 

surrounds the entire pulp. This consists of microscopic channels, called 

dentinal tubules, which radiate outward through the dentin from the pulp to 

the exterior cementum or enamel border (Ross, 2003). The dentinal tubules 

extend from the dentinoenamel junction (DEJ) in the crown area, or 
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dentinocemental junction (DCJ) in the root area, to the outer wall of the 

pulp. From the outer surface of the dentin to the area nearest the pulp, 

these tubules follow S-shaped path. The diameter and density of the 

tubules are greatest near the pulp. Tapering from the inner to the outmost 

surface, they have a diameter of 2.5 μm near the pulp, 1.2 μm in the middle 

of the dentin, and 0.9 μm at the DEJ. Within the tubules, there is an 

odontoblast process. And these tubules contain fluid and cellular structures 

(Thomas and Payne, 1983; Mjor and Nordahl, 1996; Lenzi et al., 2013). As 

a result, dentin has a degree of permeability, which can increase the 

sensation of pain and the rate of tooth decay. The strongest held theory of 

dentinal hypersensitivity suggests that it is due to changes in the dentinal 

fluid associated with the processes, a type of hydrodynamic mechanism 

(Addy, 2002; Nanci, 2003). 

Therefore, preserving much dentin as possible is important to protect 

underlying pulp tissue from exterior stimulants such as temperature, acidity, 

masticatory forces, and so on. Clinically, if the remaining dentin thickness 

is under 500 μm, it is called “functional exposure of pulp” and estimated as 

the damaged pulp (Murray et al., 2003; Ulker et al., 2013). So far, dentists 

have paid attention to reduce such conditions as the removal of oral hard 

tissue and the increase of dentinal permeability, pulp damage or 

hypersensitivity in the restorative dentistry. The treatment with varnish or 

dentin bonding agents protecting exposed dentin is a solution for 

alleviating these phenomena by reduced dentin thickness (van Loveren et 

al., 1996; Prati et al., 2001; Baratieri et al., 2002). 
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2. Evaluation of biocompatibility in dentistry  

Biocompatibility in dentistry means the quality of being accepted in a 

specific living environment without adverse or unwanted side effects 

according to ISO 1942. This property has been extensively studied in 

dental materials, because it is essential for ensuring both the safe treatment 

of patients and the practitioner’s health. Ideally, a dental material that is to 

be used in the oral cavity should be harmless to all oral tissues, such as 

gingiva, mucosa, pulp and bone. Furthermore, it should contain no toxic, 

leachable, or diffusible substance that can be absorbed into the circulatory 

system, causing systemic toxic responses, including teratogenic or 

carcinogenic effects. Since most biomaterials used in dentistry have a 

direct or indirect effect on adjacent cells or tissues, in vitro and in vivo 

toxicity tests evaluating biocompatibility are indispensable prior to clinical 

applications of dental materials to humans. 

In vivo animal testing is an efficient method that enables toxicity testing 

of medicines and many chemicals in living objects if they contain harmful 

ingredients to human beings or not. Also this enables a large number of 

tests to be carried out since animals are abundant. By analyzing animal 

models, scientists can learn what causes disease as well as how it develops 

and what aspects of genetics, the environment or diet contribute to the 

development of disease. 

However, there is an increasing need for alternative test models that are 

more reproducible and efficient than animal experiments and clinical 

studies because these toxicity tests for dental materials are time-consuming, 

expensive, and subject to extensive public discussions. As an alternative, in 

vitro cell culture methods have several important technical advantages 
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compared with in vivo tests; they are better standardized, more 

reproducible, and faster and easier to perform at relatively low costs 

(Vajrabhaya and Sithisarn, 1997; Eldeniz et al., 2007; Williams, 2008). 

Therefore, many researchers are working to find and develop substitution 

methods to replace animal experiments in dentistry: to illustrate, dentin 

barrier test, filter diffusion test, agar overlay test, Ames’ test, and any other 

cytotoxicity tests are used (Barry and Badal, 1982; Owadally et al., 1994; 

Hanks et al., 1996; Schmalz et al., 2001; Laurent et al., 2008).  

 

3. Dentin barrier test 

Dentin barrier test is a model to evaluate cytotoxicity of materials 

penetrating through 500 μm thickness of bovine dentin discs, and is one of 

the alternative methods substituting an animal testing. This test can be 

applied to an evaluation of potential in vivo toxicity, especially caused by 

dental filling materials, luting cements, or therapeutic regenerative 

materials those come in contact with human dentin during dental 

restorative procedures. In this test, dentin discs can reduce the diffusion 

into the artificial pulp chamber to clinically relevant concentrations 

depending on the dentin thickness. Moreover, this is a method that can 

mimic clinical situations better than direct cell–material contact, and has 

the potential to replace in vivo experimentation (Schmalz et al., 2002; 

Ulker and Sengun, 2009; Sengun et al., 2011). Thus, dentin barrier test can 

be a standard indicator for testing dental materials in special circumstances. 

Human or bovine teeth are generally used as permeable barriers in the 

dentin barrier test. Human teeth can simulate the in vivo situations more 

than bovine one, however, bovine teeth are easier to obtain and handle than 
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human one and also have similar morphological characteristics to human 

teeth (Nakamichi et al., 1983; Haapasalo and Orstavik, 1987; Yavuz et al., 

2013). Therefore, it has been used as the substitute of human teeth in many 

experiments. However, since both human and bovine teeth are natural ones, 

individual-dependent experimental variations exist whenever this test is 

performed (Najzar-Felger and Sutalo, 1984; Morita et al., 2014). Because 

the permeability of dentin plays a key role in influencing the diffusion of 

the released toxic materials through dentin to the pulp, a standardization of 

this point can be a critical factor to get a constant and reliable result from 

the dentin barrier test. 

 

4. Research objectives and scopes 

Permeability of a barrier in a dentin barrier test is one of the most 

important factors to determine the diffusion rate of dental materials from 

cavity to pulp chamber. To reduce the variations of permeability by natural 

dentin barrier and get a constant experimental result, barrier substitutes 

have been demanded in this test. Especially, millipore filters and 

polyurethane discs were known as having biocompatible properties and 

porous structures with different degrees, therefore, it was estimated that 

porosity of barrier substitutes made by these materials could be controlled 

easily. 

Therefore, the aim of this study was to find biocompatible dentin 

substitutes made of millipore filters – mixtures of cellulose acetate and 

cellulose nitrate – and polyurethane discs having similar permeability to 

natural tooth so as to standardize a dentin barrier test and perform a 

cytotoxicity test of commercial dentin bonding agents by those substitutes. 
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The hypothesis of this study was that the millipore filters with smaller pore 

size and more overlapped sheets and the polyurethane disc with higher 

density would reduce cytotoxicity induced by dental materials in the dentin 

barrier test. And also, it was hypothesized that a dentin barrier test by 

barrier substitutes would reduce standard deviations of test results than one 

by natural dentin discs.
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II. MATERIALS AND METHODS 

1. Dentin barrier test by millipore filters as the dentin substitute 

1.1. Cell preparation 

L-929 mouse fibroblasts (Korean cell line bank, No.10001) were 

cultured in growth medium RPMI1640 supplemented with 10 % fetal 

bovine serum, 150 IU/mL penicillin, 150 μg/mL streptomycin, 0.125 μg/ 

mL amphotericin B, and 0.1 mg/mL geneticin (Gibco, Grand Island, NE, 

USA). During perfusion, 5.96 g/L HEPES buffer (Sigma-Aldrich, St. 

Louis, MO, USA) was added to the growth medium to adjust pH level. 
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1.2. Preparation of dentin disc and dentin substitute 

Dentin of bovine incisors was sectioned longitudinally and polished 

with #1200 grit sandpaper. Finally, the incisors were made into 500 μm 

thick, 13 mm diameter discs. One side of each disc was etched with 50 % 

citric acid for 30 sec. The discs were autoclaved before the experiment, as 

described previously (Schmalz et al., 1996), and soaked in Hank’s 

balanced salt solution (Gibco, Grand Island, NE, USA). 

Millipore filters (Millipore, Billerica, MA, USA) of 13 mm diameter 

were used as dentin substitutes. These are made from biologically inert 

mixtures of cellulose acetate and cellulose nitrate. Pore sizes used in this 

study were 0.05 μm, 0.10 μm, 0.22 μm, 0.45 μm, 0.65 μm, and 0.80 μm in 

diameter. The number of overlapped filters varied from one to four sheets. 
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1.3. Three-dimensional cell culture 

Polyamide mesh (Sefar Medifab, Heiden, Swiss) was used to partially 

simulate the three-dimensional cellular structure of natural teeth. 

Polyamide mesh combined with the milllipore filters or dentin disc were 

inserted into Minusheet (Minucells and Minutissue, Bad Abbach, 

Germany), a ring-shaped carrier for the barrier and three-dimensional 

cultured cells. Mesh was coated with 0.03 mg/mL fibronectin (Sigma-

Aldrich, St. Louis, MO, USA) in sterile water and dried for 2 hr in a dry 

cabinet to allow for improved cell adhesion. Table 1 lists the properties of 

the millipore filters and polyamide mesh. 

The coated accessories were inserted into a six-well tissue culture plate, 

and 40 μL of L-929 cell suspension (2.5 × 105 cells/mL) was seeded on the 

polyamide mesh combined with the overlapped filters or bovine dentin 

disc. Two milliliters of growth medium was then added to each well after 

cell adhesion. The cells were cultured for 14 days at 37 °C in a humidified 

atmosphere containing 5 % CO2 with changes of media every other day.
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Table 1. Millipore filters and polyamide mesh used in this study 

Millipore filters 
Pore size 

(μm) 
Thickness (μm) 

Water flow rate 

(mL/min/cm2) 

Air flow rate 

(l/min/cm2) 
Porosity (%) Lot No. 

 0.05 105 0.74 0.25 72 R0EA36164 

 0.10 105 1.5 0.4 74 R0DA28545 

 0.22 150 18 2 75 R9EN97146 

 0.45 150 60 4 79 R0AA84944 

 0.65 150 140 9 81 R0AA84940 

 0.80 150 190 16 82 R0DA27020 

Polyamide mesh 

Mesh 

opening 

(μm) 

Thickness (μm) Lot No.    

 200 150 03-200/47    
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1.4. Dentin barrier test by in vitro perfusion chamber system 

After 14 days, the filters or dentin disc with three-dimensional cultivated 

mesh were transferred to a perfusion device. The commercial perfusion 

cell culture system (Minucells and Minutissue, Bad Abbach, Germany) 

was connected to a perfusion pump (Ismatek, Devon, England) capable of 

adjusting media flow. The mesh was set downward (on the “pulpal” side), 

and millipore filters or dentin disc attached to the mesh were placed 

upward (on the “cavity” side) when transferred to a perfusion chamber. All 

culture chambers were set on a 37 °C warm plate with their own water 

bath system that could maintain a constant temperature. Figure 1 shows a 

perfusion system for dentin barrier test and its experimental scheme. 
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Figure 1. Perfusion system for dentin barrier test (A) and its experimental 

scheme (B). 
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After applying a flow rate of 0.3 mL/hr for 24 hr, the upper surface of a 

combination was cleaned with a cotton pellet soaked in water. First, 20 μL 

of toxic agents (1.00 %, 0.50 %, 0.10 %, 0.05 %, or 0.01 % phenol) was 

applied gently. Subsequently, the flow rate was increased to 2 mL/hr to 

simulate the in vivo environment for 24 hr. This was to determine the 

proper phenol concentration, as one of the representative toxic agents 

recommended in ISO 10993-12 to determine suitable dentin substitute. 

The determined dilution combined with proper millipore filters should 

decrease cell viability by approximately 50 %. 

Next, the following millipore filter combinations were tested using the 

selected phenol dilution: tests by combinations of same pore sizes were 

done in the first trial (one to four sheets each of 0.45 μm, 0.22 μm, 0.10 

μm, and 0.05 μm), and those by combinations of different pore sizes were 

done in the second one (0.80 μm + 0.65 μm + 0.45 μm, 0.65 μm + 0.45 μm 

+ 0.22 μm, 0.45 μm + 0.22 μm + 0.10 μm, and 0.22 μm + 0.10 μm + 0.05 

μm filter combinations). Because the density and diameter of tubules 

depends on the distance from the pulp, the combinations by different pore 

sizes were made to mimic in vivo. Millipore filter combinations used in 

this study are listed in Table 2. Cytotoxicity results by each dentin 

substitute combination were compared with those by dentin disc group, 

and suitable dentin substitutes were selected through this procedure. 

Table 2. Millipore filter combinations 

 

Combinations by same pore sizes Combinations by different pore sizes 

1 ~ 4 sheets of 0.45 μm filter 0.80 μm + 0.65 μm + 0.45 μm 

1 ~ 4 sheets of 0.22 μm filter 0.65 μm + 0.45 μm + 0.22 μm 

1 ~ 4 sheets of 0.10 μm filter 0.45 μm + 0.22 μm + 0.10 μm 

1 ~ 4 sheets of 0.05 μm filter 0.22 μm + 0.10 μm + 0.05 μm 
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Twenty microliters of each dentin bonding agent was also applied with 

perfusion to the selected millipore combination that had similar permeable 

and structural characteristics to dentin revealed in the previous experiment. 

Bonding materials are the followings: Mac-bond II ® (Tokuyama Dental 

Corp., Tokyo, Japan), Clearfil SE bond ® (Kuraray Medical Inc., Okayama, 

Japan), One-step ® (Bisco Inc., Schaumburg, Il, USA), and Adper Prompt 

L-Pop ® (3 M ESPE, St. Paul, MN, USA). Table 3 shows the properties 

and manufacturer’s instructions of each material. Polymerization of 

bonding agents was done by a light-curing unit, Elipar Freelight 2 (3 M 

ESPE, St. Paul, MN, USA, 1,200 mW/cm2) according to the 

manufacturer’s instructions to mimic clinical situations. 

Untreated fibroblasts attached to polyamide mesh with dentin or 

millipore filters served as negative controls, while groups treated by 

0.05 % phenol in sterile water were used as positive ones representing 

100 % cytotoxicity. 

MTT assay was performed to evaluate cell viability by filters or dentin 

disc combinations. An absorbance at 540 nm was determined 

spectrophotometrically. Cytotoxicity test results of toxic materials by 

filters or dentin disc were expressed as percentages of cell viability of 

untreated filter or dentin disc groups, respectively. Diverse kinds of the 

specimens with specific toxic materials were tested at a time under same 

conditions, and this procedure was repeated five times independently. 
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Table 3. Commercial adhesives applied to dentin disc and filter substitute 

Product Manufacturer Composition Application method Lot No. 

Mac-bond II ® Tokuyama 

Primer; A: MAC-10, HEMA, 
isopropyl alcohol, acetone, 
phosphate monomer, B: ethanol, 
water 
Bond; MAC-10, HEMA, Bis-
GMA, TEGDMA 

1. Mix equal amounts of bond agents A and B 
2. Apply to dentin (20 s) 
3. Adhesive application, light-curing (10 s) 

006E79 

Clearfil SE bond ® Kuraray 

Primer; MDP, HEMA, water, 
camphorquinone 
Bond; MDP, Bis-GMA, HEMA, 
hydrophobic dimethacrylate 

1. Apply primer with disposable applicator and 
leave it undisturbed for 20 s  
2. Air-thin primer with mild stream of air  
3. Apply bonding resin with disposable applicator  
4. Air-thin adhesive  
5. Light-activate adhesive (10 s) 

51846 

One-step ® Bisco HEMA, BPDM, initiator, acetone 

1. Acid etching of 32 % phosphate acid (15 s) 
2. Rinsing (15 s) and air-dry (5 s) 
3. Application of 2 consecutive coats of One-step 
(14 s) 
4. Air-dry (10 s) and light-curing (10 s) 

0900000448 

Adper Prompt L-Pop ® 3M ESPE 
Methacrylated phosphoric acid 
esters, Bis-GMA, water, HEMA, 
camphorquinone 

1. Mixture of Adper Prompt L-Pop ®  
2. Application with pressure (15 s) 
3. Air-dry (10 s) and light-curing (10 s) 

A50801239125 

 
* MAC-10: 11-methacryloxy-1, 1-undecan dicarboxylic acid, HEMA: 2-hydroxyethyl methacrylate, Bis-GMA: bisphenol A diglycidylmethacrylate, 
TEGDMA: triethyleneglycol di-methacrylate, MDP: 10-methacryloxydecyl dihydrogen phosphate, BPDM: Biphenyl dimethacrylate 
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1.5. Statistical analysis 

Statistical analysis was performed using One-way ANOVA (P > 0.05). 

Pair-wise multiple comparisons were carried out using the Tukey test when 

one-way analysis of variance detected a significant difference. P value < 

0.05 was considered significant. 
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2. Dentin barrier test by polyurethane discs as the dentin 

substitute 

2.1. Preparation of dentin disc and dentin substitute 

Dentin discs of 500 μm thickness and 13 mm diameter were cut from 

bovine incisors and polished using sandpaper of #100-#1200 grit. The disc 

surfaces were etched with 50 % citric acid for 30 sec, as previously 

described (Schmalz et al., 1996). 

For the dentin substitute, we used 500 μm thick discs of polyurethane 

foams of three different densities (Sawbones, Washington, DC, USA): 30-

pcf (0.48 g/mL; product number 1522-04), 40-pcf (0.64 g/mL; 1522-05), 

and 50-pcf (0.80 g/mL; 1522-27). Foam densities designate “graded” 

foams according to ASTM standard specification F-1839-08. Each dentin 

or polyurethane disc was inserted into a Minusheet (Minucells and 

Minutissue, Bad Abbach, Germany) made of two donut-shaped rings so 

that the disc could be placed between them. 

 



１８ 

2.2. Cell seeding and culture  

The dentin or substitute was coated with 0.03 mg/mL fibronectin 

(Sigma-Aldrich, St. Louis, MO, USA) in sterile water and dried for 2 hr in 

a dry cabinet before being seeded with 40 μL (2.5 × 105 cells/mL) L-929 

mouse fibroblasts. The medium used for cell culture was RPMI1640 

supplemented with 10 % fetal bovine serum (FBS), 150 IU/mL penicillin, 

150 μg/mL streptomycin, 0.125 μg/mL amphotericin B, and 0.1 mg/mL 

geneticin (Gibco, Grand Island, NE, USA). After cell adhesion occurred, 2 

mL growth medium was added to each well and the cells were cultured for 

72 hr at 37 °C in a humidified atmosphere containing 5 % CO2. 
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2.3. Dentin barrier test by in vitro perfusion chamber system 

After 72 hr of cultivation with cells, the dentin or polyurethane discs 

were transferred to a perfusion culture system (Minucells and Minutissue, 

Bad Abbach, Germany) connected to a perfusion pump (Ismatek, Woking, 

UK) that was described in Figure 1. The cells attached to the dentin or 

substitute surface were located on the lower side (“pulpal” side) in the 

chamber. All culture chambers were set on a 37 °C warm plate to maintain 

a constant temperature. The initial medium flow rate was 0.3 mL/hr for 24 

hr. After 24 hr, 20 μL of toxic materials (0.05 % phenol as a standard 

positive control or one-step self-adhesives) quantified by the micropipette 

were gently applied to the upper surface of the dentin or polyurethane disc, 

and the flow rate was increased to 2 mL/hr to simulate the in vivo 

environment for 24 hr. All chambers were perfused with a culture medium 

containing 5.96 g/L HEPES buffer (Sigma-Aldrich, St. Louis, MO, USA). 

Negative controls without test materials were prepared and tested in the 

same way. 

First, cytotoxicity test of 0.05 % phenol (determined by a previous study 

by millipore filters), one of the representative positive controls 

recommended in ISO 10993-12, was performed using the 500 μm bovine 

dentin disc or three kinds of polyurethane discs. This was the procedure to 

determine the dentin substitute showing approximately 50 % cell viability 

by phenol and similar permeability to bovine dentin. 

Second, the cell viability percentage of each dentin bonding agent by the 

selected substitute was compared with one another. Bonding agents used 

for the experiment include Optibond all-in-one ® (Kerr, Tokyo, Japan), 

Adper easy bond ® (3M ESPE, St. Paul, MN, USA), Clearfil S3 bond ® 

(Kuraray medical Inc., Okayama, Japan), G-bond ® (GC, Tokyo, Japan), 

Bond force ® (Tokuyama, Tokyo, Japan) and Futurabond DC ® (Voco, 
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Cuxhaven, Germany). After applying the bonding agents, light was 

irradiated using a light-curing unit, Elipar Freelight 2 (3M ESPE, St. Paul, 

MN, USA, 1200 mW/cm2) according to the manufacturer’s instructions to 

mimic clinical situations. Table 4 shows commercial products and their 

components used in the second study. The dentin barrier test of diverse 

toxic materials with either dentin or selected polyurethane disc was 

performed one at a time under the same conditions, and this procedure was 

repeated 10 times independently. 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay was employed to evaluate the cell viability of various toxic materials 

when using dentin or polyurethane discs. The absorbance at 540 nm was 

determined spectrophotometrically. The mean optical densities of 0.05 % 

phenol or adhesives by the dentin or polyurethane disc were expressed as 

percentages compared with the values by the negative control (non-treated 

group), respectively.
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Table 4. Commercial adhesives applied to dentin disc and polyurethane substitute 

Product Manufacturer Composition Application procedure Lot No. 

Optibond all-in-one ® Kerr 
methacrylate ester, ethyl alcohol, water, 
acetone, monomers, inert mineral fillers, 
ytterbium fluoride, photoinitiators 

1. Apply adhesive (20 s)  
2. Air-dry 
3. Light-curing (10 s) 

3648431 

Adper easy bond ® 3M ESPE 
methacrylated phosphoric esters, bis-
GMA, camphorquinone, water, HEMA, 
polyalkenoic acid 

403636 

Clearfil S3 bond ® Kuraray 
MDP, Bis-GMA, HEMA, camphor-
quinone, hydrophobic dimeth-acrylate, 
ethanol, water, colloidal silica 

051552 

G-bond ® GC 
4-MET, UDMA, silica, phosphoric acid 
ester monomer, acetone, water, photo-
initiator 

1101221 

Bond force ® Tokuyama 
alcohol, phosphoric acid monomer, 
HEMA, Bis-GMA, TEGDMA, camphor-
quinone, purified water 

036E00 

Futurabond DC ® Voco 
Bis-GMA, HEMA, BHT, ethanol, 
fluorides, siliciumdioxide nanoparticles,  
camphorquinone, 

1. Mix a liquid A&B (1:1) (20 s) 
2. Apply adhesive (20 s)  
3. Air-dry 
4. Light curing (10 s) 

1024417 

 
* Bis-GMA: bisphenol A diglycidyl methacrylate; HEMA: 2-hydroxyethyl methacrylate; BHT: Butylated hydroxy toluene; PEM-F: 
pentamethacryloyloxyethylcyclohexaphosphazene monofluoride; UDMA: urethane dimethacrylate; MDP: 10-Methacryloyloxydecyl 
dihydrogen phosphate. 
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2.4. Scanning electron microscopy (SEM) analysis 

SEM images were taken of the 30, 40, and 50-pcf polyurethane discs 

and the selected substitute (40-pcf polyurethane disc) surface after 

applying six kinds of one-step self-etching adhesives to visualize cell 

attachments on the dentin substitutes. Then, these were compared with the 

images from the control group. 

Cells were fixed by using 2 % paraformaldehyde and air-dried at room 

temperature for 1 hr. Visualization of the cells on polyurethane discs was 

performed by scanning electron microscopy (SEM, S-3000N, Hitachi Co., 

Japan) analysis. SEM images were taken three times in each group. These 

were obtained from specific areas of interest at various magnifications. 
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2.5. Statistical Analysis 

Statistical analysis was performed using One-way ANOVA (P > 0.05). 

Pair-wise multiple comparisons were carried out using the Tukey test when 

one-way analysis of variance detected a significant difference. P value < 

0.05 was considered significant. 
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III. RESULTS 

1. Dentin barrier test by millipore filters as the dentin substitute 

1.1. Cytotoxicity test of five different phenol dilutions by bovine 

dentin disc 

Figure 2 summarizes the results of dentin barrier tests with bovine 

dentin using five different phenol dilutions. The control group (untreated 

one) was set to 100 % cell viability, and the results of test groups were 

expressed as percentages of those of the control. Phenol concentration of 

1.00 % and 0.50 % made the lowest cell viability, and they were not 

significantly different (P > 0.05). Cell viabilities with 0.10 %, 0.05 %, and 

0.01 % dilution increased stepwise and showed significant differences (P < 

0.05). Among them, 0.05 % phenol was the closest one to the desired 50 % 

viability and was thus chosen as the suitable standard material for 

subsequent testing. 
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Figure 2. Cytotoxicity test of five different phenol dilutions by dentin discs. 

Each box in the boxplot graph shows the maximum, 75 %; median, 25 %; 

and minimum values. Groups with different letters above the data bar are 

statistically significant (P < 0.05). 
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1.2. Cytotoxicity test of 0.05 % phenol by different numbers of 

same size, overlapping filters 

Phenol dilution determined in Figure 2—0.05 %—was used for the test 

with various kinds of millipore filter combinations, and the results were 

described in Figure 3. The control is untreated dentin or filter, and the cell 

viability of dentin disc plus 0.05 % phenol was set as a standard for finding 

a suitable barrier in a previous experimental result. It had a tendency that 

more overlapped filters resulted in reduced cell viability in the same sized 

filter. Dentin group by phenol was a standard, and cell viability with two 

sheets of 0.45 μm or 0.22 μm was similar to that of bovine dentin discs (P 

> 0.05). The gaps between the maximum and minimum value were 

significantly larger in the dentin standard group than in the filter test 

groups (P < 0.05). 
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Figure 3. Cytotoxicity test of 0.05 % phenol by different numbers of same 

size, overlapping filters. Each box in the boxplot graph shows the 

maximum, 75 %; median, 25 %; and minimum values. Groups with same 

letters above the data bar mean no statistical differences (P > 0.05). 
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1.3. Cytotoxicity test of 0.05 % phenol by various kinds of filter 

combinations 

The 0.05 % phenol made statistically significant cell viability among the 

millipore combinations in Figure 4 (P < 0.05). Cell viability by 0.65 μm + 

0.45 μm + 0.22 μm filter combination was not significantly different from 

that by the dentin disc as a standard (P > 0.05), and the box size of dentin 

groups was significantly larger than that of the other filter groups (P < 

0.05). 
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Figure 4. Cytotoxicity test of 0.05 % phenol by various kinds of filter 

combinations. Each box in the boxplot graph shows the maximum, 75 %; 

median, 25 %; and minimum values. Groups with different letters above 

the data bar are statistically significant (P < 0.05). 
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1.4. Cytotoxicity test of commercial dentin bonding agents by a 

filter combination of 0.65 μm + 0.45 μm + 0.22 μm 

The 0.65 μm + 0.45 μm + 0.22 μm filter combination that showed 

similar permeable and structural characteristics to natural dentin was 

utilized for the application of commercial dentin bonding agents listed in 

Table 3. Dentin groups were shown by the left six boxplots, and the 0.65 

μm + 0.45 μm + 0.22 μm filters were shown by the ones on the right hand 

side in Figure 5. They showed the differences among dentin bonding 

agents by the dentin or substitute. Adper Prompt L-Pop ® was significantly 

the most toxic material among the four kinds of bonding agents in both 

dentin and filter groups (P < 0.05). One-step ® and Mac-bond II ® were not 

significantly different from each other (P > 0.05), and they showed higher 

cell viability compared with the other test groups (P < 0.05). Especially, 

the standard deviations of dentin groups were significantly larger than 

those of the filter groups except for the two controls (P < 0.05). 
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Figure 5. Cytotoxicity test of commercial dentin bonding agents by (A) 

dentin disc or (B) filter combination of 0.65 μm + 0.45 μm + 0.22 μm. 

Each box in the boxplot graph shows the maximum, 75 %; median, 25 %; 

and minimum values. Groups with different letters above the data bar are 

statistically significant (P < 0.05). 
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2. Dentin barrier test by polyurethane discs as the dentin 

substitute 

2.1. Cytotoxicity test of 0.05 % phenol by three kinds of polyure-

thane discs 

Figure 6 shows the cell viability of dentin or polyurethane disc with 

0.05 % phenol concentration. Cell viability expressed as percentages of the 

control group was increased by the increase in disc density (P < 0.05). 

Dentin disc treated by 20 μL of 0.05 % phenol made approximately 50 % 

cell viability. The cell viability with polyurethane discs increased 

according to the increases of disc density (P < 0.05). The 40-pcf 

polyurethane disc was not statistically different from the dentin disc (P > 

0.05), and therefore, it was selected as a dentin substitute in the following 

experiment. 
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Figure 6. Cell viabilities of 0.05 % phenol dilution by dentin disc or three 

types of polyurethane discs. Each box in the boxplot graph means the 

maximum, 75 %; median, 25 %; and minimum values. Groups with 

different letters above the data bar are statistically significant (P < 0.05). 
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2.2. Cytotoxicity test of one-step self-etching bonding agents by 

40-pcf polyurethane disc 

The cytotoxicity results of six kinds of one-step self-etching bonding 

agents by bovine dentin or 40-pcf polyurethane discs are summarized in 

Figure 7. Bond force ® showed the lowest cell viability and Futurabond 

DC ® the highest among the six agents regardless of the barrier type (P < 

0.05). The gap of standard deviations by 40-pcf polyurethane disc was less 

than that by bovine dentin in all groups (P < 0.05). 
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Figure 7. Cell viabilities of different one-step self-etching adhesives using 

(A) bovine dentin or (B) 40-pcf polyurethane disc as a barrier. Each box in 

the boxplot graph means the maximum, 75 %; median, 25 %; and 

minimum values. Groups with different letters above the data bar are 

statistically significant (P < 0.05). 
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2.3. SEM images after the application of dentin bonding agents 

SEM images in Figure 8 show the surfaces of 30, 40 and 50-pcf 

polyurethane foam (A, D; 30-pcf, B, E; 40-pcf, C, F; 50-pcf, sectioned 

polyurethane foam). Figure 9 describes the morphological features of cells 

on the 40-pcf polyurethane disc with each dentin bonding agent, 

respectively (D–U), which were compared with the control group (A–C). 

L-929 cells could be cultured easily, forming direct contacts on the 

polyurethane discs in the control group without toxic materials (Figure 

9A–C). Bond force ® induced severe cellular destruction and subsequently, 

surface cleavage, smooth surfaces and globular morphology in Figure 9P–

R. The differences among Optibond all-in-one ® (Figure 9D–F), Adper 

easy bond ® (Figure 9G–I), Clearfil S3 bond ® (Figure 9J–L) and G-bond ® 

(Figure 9M–O) could not be distinguished from one another in Figure 9, 

although there were statistical differences in MTT assay (Figure 7). 

Otherwise, the control group did not show negative effects on the cells 

attached to the polyurethane disc and had normal cellular adhesion (Figure 

9A–C). Comparatively, Futurabond DC ® had the highest optical density in 

Figure 7, which was in line with the SEM images in Figure 9S–U. Most 

cells had comparatively long body for good adhesion, while a small 

proportion of cells with spherical shape existed on the 40-pcf polyurethane 

disc when combined with Futurabond DC ®.  
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Figure 8. SEM images of 500 μm thickness, 30-pcf, 40-pcf, and 50-pcf 

polyurethane discs. (A,D) The 30-pcf polyurethane disc; (B,E) The 40-pcf 

polyurethane disc; (C,F) The 50-pcf polyurethane disc. 
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Figure 9. SEM images of cellular changes on 40-pcf polyurethane discs 

with one-step self-etching adhesives. (A–C) Negative control; (D–F) 

Optibond all-in-one ®; (G–I) Adper easy bond ®; (J–L) Clearfil S3 bond ®.  
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(Continued) 

 

Figure 9. SEM images of cellular changes on 40-pcf polyurethane discs 

with one-step self-etching adhesives. (M–O) G-bond ®; (P–R) Bond force 
®; (S–U) Futurabond DC ®. 
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IV. Discussion 

Dental materials used in human oral cavity can harm the teeth and 

surrounding soft tissues and give hypersensitivity or other symptoms in 

clinics. However, the causes of these adverse reactions induced by dental 

materials are controversial. Some suggest that these responses are due to 

bacterial invasion secondary to cellular damage and microleakage 

(Brannstrom and Nyborg, 1972; Bergenholtz et al., 1982), while others state 

that they are due to chemical toxicity of the materials (Qvist et al., 1989; 

Tagami et al., 1990). In this study, we focused on the latter phenomenon by 

analyzing the toxicity of phenol as standard solution and commercial dentin 

bonding agents. 

Dentin barrier test is an effective way to assay the cytotoxicity of dental 

biomaterials using 500 μm of natural dentin discs as a permeable barrier. This 

can simulate the application of dental materials after tooth preparation, 

therefore, the test is suitable for evaluating the toxicity of dentin bonding 

agents, cements, composite resin, etc. This barrier test is originally designed 

to be performed in a static state. In the current study, however, we employed a 

perfusion cell culture system using dentin substitutes – either millipore filters 

or polyurethane discs – in order to simulate the in vivo environment by 

artificial barriers. That is because pulpal blood flow is one of the most 

important factors in diluting leachable toxic substances from exposed sites 

(Camps et al., 1997). Some investigators gave suggestions for the pulp flow 

rate (Hashimoto et al., 2004; Sauro et al., 2007; Yoon et al., 2010), and 2 

mL/hr was chosen as a suitable flow to mimic the in vivo environment in this 

study. In a previous study, test was performed with perfusion at a rate of 0.3 

to 5 mL/hr or without perfusion to determine the appropriate perfusion rate for 

cells (Schmalz et al., 1999). Perfusion rate of 5 mL/hr led to a general 

decrease in cell viability, and the rate of 0.3 mL/hr showed similar results to 
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the static condition. Because a rate of 2 mL/hr increased cell viability and 

simulated the inflamed pulp flow system, this speed was selected for the 

cytotoxicity experiment. And the media with HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) of 25 mM was used to balance the pH outside 

the incubator for 48 hr during changes of perfusion rates. 

Various formulations of dentin discs were provided already: dentin slices 

from the third human molars, bovine dentin discs, or pressed dentin powder 

chips (Tyas, 1977; Nakamichi et al., 1983; Hume, 1988; Hanks et al., 1989). 

In the present study, millipore filters and polyurethane foams were used as 

artificial dentin substitutes instead of them. Millipore filters that are usually 

applied to the study of filtration, air or particle monitoring, etc. are used in 

this study because they can be obtained easily, stabilized biologically, and 

provided in various sizes of paper-like material. These are made from 

biologically inert mixtures of cellulose acetate and cellulose nitrate with 

sterilization and that each sheet of filters is resistant to chemical materials like 

ethanol. Even proper pore size selection can make indirect cell to toxin 

contacts mimicking in vivo (Weiss, 2012). Also, the cell viability of each 

bonding material by the dentin disc or millipore filter was not significantly 

different, respectively, as seen in Figure 5 (P > 0.05). The other dentin 

substitute, polyurethane foam is originally designated as testing orthopedic 

implants, instruments, bone substitutes and other educational models. Because 

this foam has a porous structure with different degrees, is easily controlled by 

various commercial processes, and can be made into a thin disc-shaped 

product, this has the potential to mimic the natural dentin structure in a dentin 

barrier test. 

To our knowledge, the only index by which to investigate the suitability of 

dentin substitutes for the study of cell viability was via comparison to natural 

teeth. The most important reason to utilize bovine teeth rather than human 
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dentin is that the bovine tooth has transdentinal permeability similar to that of 

coronal human root dentin (Reeder et al., 1978; Tagami et al., 1989). That is, 

the permeability is a critical feature in diffusing materials from dentin to pulp 

and this study was only focused to investigate the dentin substitutes having 

similar permeability to the natural teeth. 

Millipore filters were already used for cell cultures with agar media. In that 

study, by separating the cells from test specimens by a millipore filter rather 

than by an agar layer in an agar overlay test, a more adequate cell–material 

contact might be obtained (Wennberg et al., 1979). But an agar as a solid state 

media is different from that of the liquid nutritional one; therefore, a perfusion 

cell culture system with flowable media was used in the study. Hence, the 

filters could be used as substitutes for the dentin discs without chemical 

interferences. Moreover, various kinds of millipore filters were overlapped to 

mimic the dentinal permeability. They were able to simulate porous 

morphological features of dentin by using 0.05 μm to 0.80 μm filters 

considering the size of human dentin (Brannstrom and Garberoglio, 1972; 

Holland, 1976). 

To determine the artificial dentin substitute similar to natural bovine dentin, 

the experiments were divided into two parts. First, dilutions of phenol and 

water recommended by ISO 10993-12 were tested as a standard positive 

control with millipore filters or polyurethane discs prior to testing the dental 

bonding agents. Based on our findings, dentin barrier tests for commercial 

products can be performed using properly standardized dentin substitutes –    

filter combination of 0.65 μm + 0.45 μm + 0.22 μm and 40-pcf polyurethane 

disc which have the most structural similarity to the dentinal tubules of natural 

teeth. 

In the first study tested by millipore filters, the following dentin substitutes 

showed similar cell viability to bovine dentin discs (P > 0.05): two sheets of 



４３ 

0.45 μm, two sheets of 0.22 μm, and 0.65 μm + 0.45 μm + 0.22 μm filter 

combination. But when considering the structural characteristics of dentin, 

0.65 μm + 0.45 μm + 0.22 μm reflecting the changes of dentinal tubular sizes 

and number was chosen as the dentin substitute. And in case of clinical 

adaptations, among four kinds of dentin bonding agents, Adper Prompt L-Pop 

showed the lowest cell viability, and One-step and Mac-bond II were higher 

than the other groups (P < 0.05). These results reflect the differences between 

bonding systems, application methods, and compositions including monomers, 

solvents (ethanol or acetone), etc. 

The experiment by millipore filters showed that increasing number of 

overlapping filters of the same size resulted in reduced cell viability in the 

same sized filter (P < 0.05). However, in another study, cytotoxicity of dental 

adhesives decreased when dentin disc thickness increased gradually from 100 

to 500 μm (Galler et al., 2005). This difference may be due to the fact that 

filters used in the present study were flexible and fragile rather than brittle. 

This could increase an undercurrent of toxic materials inside gaps if the 

substitutes had more overlapped filters. In this way, the filters could act as a 

storehouse, steadily emitting toxic components. By contrast, natural dentin 

has a stable and brittle structure that allows toxic materials to penetrate 

through the long tubular- shaped channels. 

To overcome these disadvantages of the millipore filters and perform more 

simple experiment, tests by polyurethane discs and monolayer cells were done 

in the second one. In this time, we used foams of three different densities—30, 

40, and 50-pcf as shown in Figure 8 and performed cytotoxicity test of 

bonding agents. Cellular reactions to the 40-pcf polyurethane foams are 

illustrated in Figure 9; post-attachment cell morphology (A–C, control) shows 

that L-929 cells freely extended their branches along the pores, indicating the 

stability of polyurethane discs as the dentin substitute. However, toxic 
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materials changed cell morphology into globular shape or torn flat surface, 

especially in Bond force ® group (P–R). Comparatively, Futurabond DC ® was 

less toxic than the others, and this was in accord with the cytotoxicity test 

results in Figure 7. 

Clinical applications of six dentin bonding materials were done by 40-pcf 

polyurethane disc in the following step. And Futurabond DC ® showed the 

highest cell viability in MTT assay and comparatively biocompatible features 

on the SEM images. These applied agents are one-step self-etching bonding 

materials provided as the types of light-cured or dual-cured systems. The 

light-cured products typically require one step, whereas the dual-cured 

products typically require two steps—chemical and light-curing. The 

Futurabond DC ® is a dual-curing type in that two kinds of liquid are mixed 

right before application, indicating that this material can be polymerized in 

advance of light-curing by chemical reaction and that additional chemical 

curing is available on the surface of adherent after light-curing, leading to 

more complete polymerization. Therefore, in clinics, it is possible that dual-

cured type of adhesives would be less toxic to the cells and tissue despite the 

comparatively short shelf time and working time after mixing, which are the 

shortcomings of these materials. For more definite conclusions, diverse kinds 

of self-etch dual-cure adhesives should be compared with one another in 

further studies. 

In spite of the advantages of using dentin substitute in a dentin barrier test, 

we should consider the different compositions and microstructures of 

millipore filters or polyurethane discs from those of bovine or human teeth. 

Major components of natural dentin include an inorganic reinforcing phase of 

apatite (about 50 % by vol.) and an organic matrix mainly composed of type I 

collagen (approximately ~ 30 % by vol.) (Hashimoto et al., 2004). If test 

materials pass through natural dentinal tubules (2.4 ~ 4.8 μm in diameter) 
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(Sauro et al., 2007), toxicity induced by applied ones can be neutralized by 

reactions with these organic or inorganic components. For example, when 

dentin was loaded with 3% bovine serum albumin (BSA) and the pulpal side 

of a dentin barrier test chamber was perfused with cell culture medium 

containing 3% BSA, cytotoxicity of zinc oxide-eugenol (ZOE) was 

completely inhibited (Schmalz et al., 2000). Otherwise, this phenomenon 

cannot be simulated by the present models because of the absence of organic 

tissues and the microstructure of the millipore filters or polyurethane disc 

different from natural teeth. Therefore, use of the dentin substitutes 

corresponding partially to the anatomical structure of natural dentin with 

collagen could be meaningful when compared to other in vivo and in vitro 

studies. Furthermore, the dentin substitutes must have structures and 

components similar to natural teeth, which will be the focus of a subsequent 

study. 

Etching of dentin surface was done by 50 % citric acid for 30 sec in these 

studies. However, tooth preparation, etching, rinsing, drying and bonding 

agent applications are done sequentially in general. Thus, complex effects of 

these whole procedures cannot be simulated in this test, because a dentin 

barrier test can only evaluate the cytotoxicity by the adhesives application. 

Accordingly, development of evaluation system that can simulate the series of 

restorative procedures is necessary for assuming potential in vivo toxicity of 

dental materials in the future. 

Despite such limitations, this investigation represents a significant step 

toward reducing variations of in vitro tests by controlling permeability, 

suggesting that biocompatible millipore filters and polyurethane foam could 

be a standardized barrier substitute – a filter combination of 0.65 μm + 0.45 

μm + 0.22 μm and 40-pcf polyurethane disc – for use in the dentin barrier test. 

In particular, 40-pcf polyurethane disc is recommended as a dentin substitute 
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in a dentin barrier test rather than millipore filters when considering structural 

stability of polyurethane. This standardized system would be required to 

evaluate the biocompatibility of dental commercial products applied to dentin 

indirectly in clinics. Establishment of the dentin substitute can surely reduce 

the needs for expensive and time-consuming in vivo experiments and animal 

tests, leading to the development of more standardized evaluation methods 

and new innovative biocompatible products. 
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V. Conclusion 

A millipore combination of 0.65 μm, 0.45 μm, and 0.22 μm and 40-pcf 

polyurethane disc were chosen as the dentin substitutes in a dentin barrier test 

because of their similar permeability to dentin discs. The first hypothesis was 

partially accepted. Millipore filters with smaller pore size and more 

overlapped sheets increased cytotoxicity induced by same toxic materials, 

otherwise, the polyurethane disc with higher density reduced cytotoxicity of 

materials. And the second hypothesis that a dentin barrier test by barrier 

substitutes would reduce standard deviations of test results than one by natural 

dentin discs was accepted by this study. Therefore, this test method by two 

kinds of substitutes is helpful for the standardization of dentin barrier test 

mimicking in vivo. 
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ABSTRACT (IN KOREAN) 

 

상아질 격리 시험에서 대체막을 사용한  

상아질 접착제의 세포 독성 평가  

 

<지도교수 김 광 만> 

연세대학교 대학원 치의학과 

김 미 주 

 

이 연구는 밀리포어 필터와 폴리우레탄 디스크를 사용하여 기존의 

상아질 격리 시험을 표준화하기 위해 시행하였으며, 표준화된 시험 

방법을 통해 시중에서 유통되는 상아질 접착제의 세포 독성을 

평가하였다. 

임상 상황을 재현하도록 상아질 디스크 또는 다양한 밀리포어 

필터 조합물에 세포를 3차원 배양하였고, 관류 시스템으로 배양액을 

흘려주었다. MTT 평가를 통해 세포 생존율을 확인하였다. 먼저 

다양한 농도의 페놀 희석액을 적용하여 약 50 %의 생존율을 보이는 

표준물질 농도를 결정하였고, 상아질 디스크와 가장 유사한 

투과도를 보이는 대체물로 상아질 접착제의 독성 평가를 

시행하였다. 폴리우레탄 디스크에는 세포를 단층 배양하여 위와 

동일한 방법으로 시행하였다. 



５５ 

결과적으로, 0.05 % 페놀이 표준 독성 물질로 결정되었으며 2장의 

0.45 μm, 2장의 0.22 μm, 그리고 0.65 μm, 0.45 μm, 0.22 μm짜리 

밀리포어 필터를 겹친 경우가 상아질 디스크와 가장 유사한 정도의 

독성 평가 결과를 보였다. 이 중 0.65 μm, 0.45 μm, 0.22 μm 필터를 

겹친 경우는 자연치의 상아세관과 유사한 구조적 특징을 가지기 

때문에, 이를 시험에 적합한 상아질 대체 물질로 선정하였다. 이를 

이용하여 시중의 여러 가지 상아질 접착제로 독성 평가를 했을 

때에는 Adper Prompt L-Pop ®의 독성이 가장 높았다. 

폴리우레탄 디스크는 500 μm 두께의 40-pcf짜리 제품을 사용한 

것이 자연치 디스크와 가장 유사한 독성 평가 결과를 보였기 

때문에 적합한 상아질 대체 물질로 선정되었다. 선정한 시험 물질 

중 Futurabond DC ®가 가장 낮은 독성 평가를 보였다. SEM 사진을 

통해서 보았을 때, MTT 평가 결과와 유사한 정도로 L-929세포의 

형태학적 변화를 관찰할 수 있었다. 

결론적으로, 0.65 μm, 0.45 μm, 0.22 μm짜리 밀리포어 필터를 겹친 

것과 500 μm 두께의 40-pcf 폴리우레탄 디스크는 기존의 상아질 

격리 시험에서 사용된 상아질 디스크의 대체 재료로 사용될 수 

있다. 특히, 구조적 견고함을 고려한다면 40-pcf 폴리우레탄 

디스크가 상아질 대체물로 적합하다. 표준화된 방법의 상아질 격리 

시험은 특히 치수 가까이에 적용되는 치과용 재료의 잠재적 독성을 

평가하는 데 유용한 방법으로 사용될 수 있을 것이다. 

 

핵심되는 말: 세포 독성, 상아질 격리 시험, 상아질 접착제, 상아질 대체물, 

관류 세포 배양법  


