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Effect of zinc-doping in physicochemical properties of dental adhesives 

 

ABSTRACT: Zinc addition to resin adhesives may exert an inhibitory effect on MMPs-

mediated collagen degradation and promote dentin remineralization. Purpose: To evaluate 

changes in the physicochemical properties, water sorption (WS), solubility (SO), modulus 

of elasticity (E), ultimate tensile strength (UTS), and microhardness (MH) tests were 

undertaken in zinc-doped dental adhesives. Methods: Two bonding resins (Adper Single 

Bond Plus -SB- and Clearfil SE Bond -SEB-) were zinc-doped by mixing them with 5, 10 

or 20wt% of ZnO powder, or with 1 or 2wt% ZnCl2. Resin disks were made of each 

adhesive blend for the evaluation of WS, SO, and MH, and dumbbell-shaped specimens 

were prepared for E and UTS testing. Results: An increase in WS and SO was observed for 

adhesives doped with ZnCl2. A reduction in WS was observed for the adhesive blends 

containing 10% or 20wt% ZnO, while the SO was not altered in any of the ZnO-doped 

adhesives. An increase in E values was observed only for the SB adhesive doped with 

ZnCl2. For SEB-blends, the incorporation of zinc compounds did not alter the E values. 

UTS values decreased when SEB was doped with ZnO. SB-blends doped with 20wt% ZnO 

significantly increased their MH, and the addition of zinc to the SEB-blends augmented the 

MH values in all cases. 

CLINICAL SIGNIFICANCE: The addition of 20wt% ZnO particles to adhesive blends is 

preferred as it decreased water sorption and increased microhardness of the tested 

adhesives. No deleterious effect was encountered on the other tested properties.
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Introduction 

The adhesion of contemporary resin-based restorative materials to dentin relies on 

the creation and stability of a microscopic interfacial structure composed of collagen fibrils 

reinforced by a resin matrix called the hybrid layer.1 Although the hybrid layer is efficiently 

obtained using most dental adhesives, its stability can be compromised by the degradation 

of both of its resin and collagen components.2 It is well-known that endogenous enzymes 

present in dentin may cause the breakdown of resin-sparse collagen fibrils in resin-dentin 

bonds.3,4 Matrix metalloproteinases (MMPs) are a family of structurally related calcium- 

and zinc-dependent endopeptidases that contribute to the organization and mineralization of 

the dentin matrix, while also playing an important role in pathological processes such as 

caries progression.5 Degradation of the collagen component of resin-dentin bonds attributed 

to MMPs is evidenced by the loss of integrity of hybrid layers6-8 and reduction of bond 

strength in vitro and in vivo long-term studies.9-11 Thus, the activity of MMPs can 

importantly affect the long-term bonding durability of esthetic restorations. 

To promote adhesion to dentin, the mineral phase from the substrate has to be 

removed and the water-filled voids left by removal of mineral should be filled with the 

adhesive resin that undergoes complete in situ polymerization to form the hybrid layer.1 

Two main strategies are employed in creating dentin bonding. The first strategy involves 

the use of etch-and-rinse adhesives, which requires the treatment of dentin with phosphoric 

acid to remove the smear layer and to demineralize the underlying dentin, exposing a dense 

filigree of organic-matrix fibrils, followed by the application of a primer/bonding adhesive 

to form the hybrid layer.12 The second strategy utilizes self-etch adhesives, which are based 

on polymerizable acidic monomers that simultaneously condition/prime and bond dentin.13 
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Even though the self-etch strategy seems to reduce depth of the non-resin covered collagen 

layer, both bonding strategies unprotected collagen may provide the sites for collagen 

hydrolysis by endogenous enzymes such as MMPs.14-16 

Different approaches for inhibiting the enzymatic activity of MMPs have been 

studied in attempts to improve the stability of hybrid layers.17 Recently, it has been reported 

that zinc is a potent inhibitor of MMPs in dentin collagen degradation.18 The incorporation 

of zinc into an etch-and-rinse adhesive not only exerted a protective effect on MMPs-

mediated collagen degradation, but also preserved bond strength, thus representing a 

promising and novel strategy for stabilizing resin-dentin bonds over time.19,20 Although the 

mechanism of zinc inhibition of matrix-bound MMPs is not completely understood, it is 

possible that it involves coordination of the hydroxide moiety of ZnOH+ to the catalytic 

zinc ions of MMPs. This mode of inhibition was demonstrated with carboxypeptidase A, a 

zinc metalloenzyme.21 

The addition of zinc compounds (i.e. zinc chloride [ZnCl2] or zinc oxide [ZnO] in 

different concentrations) into dental adhesives may affect mechanical properties of the 

resin-dentin interface. Mechanical properties are important for dental adhesives to 

compensate the stresses generated by the polymerization shrinkage of resin composites.22 

Additionally, occlusal loading stresses may easily deteriorate an adhesive interface with 

inadequate mechanical properties, leading to the failure of the restoration.22 Properties 

related to resin degradation such as water sorption and solubility may also be altered in 

zinc-modified polymers, thereby influencing stabilization of the resin-dentin bond over 

time.2 It is known that water sorption and solubility of dental adhesives causes both 

plasticization and hydrolysis of the polymers within the hybrid layer.16 However, when 
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using zinc-doped adhesives, solubility may contribute to the effective release of zinc ions at 

the resin-dentin interface, thereby not only exerting an improved protective effect of 

collagen from MMPs, but also influencing signaling pathways and stimulating a metabolic 

effect in hard tissue mineralization, permitting nucleation of hydroxyapatite crystallites in 

collagen fibrils during remineralization.20  

Analysis of the limited literature available pertaining to this innovative approach 

presents no information regarding the effect of zinc on the physicochemical properties of 

zinc-doped adhesives. Therefore, the aim of the present study was to evaluate water 

sorption, solubility, modulus of elasticity, ultimate tensile strength, and microhardness of 

zinc-doped dental adhesives. The null hypothesis tested was that the incorporation of ZnCl2 

or ZnO into dental adhesives does not affect their physicochemical properties. 
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Materials and Methods 

Preparation of adhesive solutions 

An etch-and-rinse adhesive system, Adper Single Bond Plus (SB)a, and the adhesive 

component of the two-step self-etch adhesive Clearfil SE Bond (SEB)b were tested. Both 

adhesive resins were zinc-doped by mixing them with 5, 10 or 20wt% ZnO microparticlesc 

(2 µm diameter), or 1 or 2wt% of ZnCl2.
d To achieve complete dissolution of ZnCl2 and 

dispersion of ZnO particles, adhesive blends were vigorously shaken for 1 min in a tube 

agitator.e Preparation of the adhesives and zinc concentrations were based upon previous 

studies.19,20,23 The complete process was performed in a darkroom. Descriptions of the 

adhesives are provided in Table 1. 

 

Water sorption (WS) and solubility (SO) 

The WS and SO were determined according to ISO specification 4049, except for 

the specimens’ dimensions.24 Resin disks (n = 10) of each adhesive blend were prepared 

using a silicon mold (6.0 mm-diameter and 1.0 mm-thick in order to fit the light output 

guide of the light curing unit). An acetate strip was placed on top of the adhesives, and then 

covered with a 1.0 mm-thick glass slide. Resin blends were light activated for 10 s with the 

light tip in contact with the glass slide, using a LED light curing unitf with light irradiance 

of 750 mW cm-2. The light was tested for light output by means of a commercial 

radiometer.g The opposite surface of the specimens was submitted to the same light curing 

procedure. Then, disks were polished using 1200-grit SiC paper to obtain specimens of 

approximately 6.0 mm in diameter and 0.5 mm in thickness.25 The polymerized specimens 

were stored at 37ºC in a desiccator containing silica gel. Disks were weighed after a 24 h 
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interval in an analytical balance until a constant mass (m1) was obtained (mass loss of each 

disk was not greater than 0.1 mg in 24 h). Diameter and thickness were measured to 

calculate the exact volume (V) of each specimen. Then, they were individually immersed in 

one milliliter of distilled water at 37ºC. After 7 days of water storage, disks were wiped 

with absorbent paper and weighed again (m2). Next, specimens were dried in a desiccator, 

as previously described, and weighed daily until a dried constant mass (m3) was obtained. 

The WS and SO were calculated individually for each specimen over the 7 days of water 

immersion using the formula (1). The WS and SO values were expressed in μg/mm3. 

 

(1)  WS =m2–m3/ V 

 SO =m1–m3/ V 

   

Modulus of elasticity (E) 

Adhesive blends were poured into dumbbell-shaped (10 mm-long x 1.0 mm-thick) 

silicone molds with a gauge length of 5 mm. After 10 min of solvent evaporation, an 

acetate strip was placed on the top of the adhesive blends and covered with a 1.0 mm-thick 

glass slide. Adhesive blends were then light activated for 90 s; after that, the opposite 

surfaces received a similar light curing protocol. The number of specimens per group was 

10 according to previous studies.26,27 

 Following light activation, the dumbbell-shaped specimens were stored for 24 h at 

37ºC in dry condition and then subjected to a three-point flexural bending test in order to 

obtain the E values. The three-point flexural bending test was performed with a miniature 

three-point bending aluminum device, consisting of a supporting base with a 5 mm span 
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and a loading piston. Three-point flexure was measured by centrally loading the polymer 

specimen using a universal testing machineh at a displacement rate of 0.5 mm min-1, 

sufficient to induce a 1% strain. The compressive force necessary to induce a 1% strain in 

the polymer specimens was measured using a 50 N load cell. Load-displacement values 

were converted to stress and strain. The width and thickness of all specimens were 

measured to ensure accuracy of the test. The E values were calculated as the slope of the 

linear portion of stress-strain curve using the following formula: 

 

(2)  E = FL3/ 4Dbh3 

 

where F is the force (N), L is the span length (5.0 mm), D is the vertical deflection (mm) of 

the specimen, b is the width of test specimens (1.0 ± 0.1 mm), and h is the thickness (1.0 ± 

0.1 mm). The E values were obtained in MPa and converted to GPa. 

 

The strain (ε) in the three-point flexural bending test followed the formula: 

 

(3)  ε = 6hd / L2 

 

where h is the thickness of the beam (1.0 ± 0.1 mm), d is displacement of the beam (mm), 

and L is the span length of the beam between the supports (5 mm). 

 

Ultimate tensile strength (UTS) 
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 Dumbbell-shaped specimens (n = 20) with same dimensions and fabrication method 

used in three-point flexural test, were attached to the universal testing machine using a 

cyanoacrylate adhesivei for UTS determination.26,27 A tensile load was applied at a cross-

head speed of 0.5 mm min-1 until failure. The width and thickness of the specimens were 

measured at the fracture site and the UTS of the polymers was calculated with the formula: 

 

(4)  UTS = F / A 

 

where F is the tensile force at failure (N) and A is the cross-sectional area of the specimen 

(mm2). The UTS (N mm-2) was expressed in MPa. 

 

Microhardness (MH) 

 Five disk-shaped specimens (6.0 mm in diameter; 2.0 mm in height) were prepared 

with each adhesive blend using a silicon mold. An acetate strip was placed on top of the 

adhesives, and then covered with a 1.0 mm-thick glass slide. Resin blends were light 

activated for 20 s and then polished using silicon carbide paper (up to 4000 grit). 

Microhardness was evaluated on the photoactivated surface by applying 50 g of load for 30 

s using a Knoop diamond microindentor.j Ten indentations (0.5 mm of distance between 

them) were made in each specimen (n = 50). The dimension of each indentation was 

measured as the length of the longest diagonal of the indentation mark (800X). Lengths 

were converted to Knoop Hardness Number (KHN) using the following formula: 

 

(5)  KHN = 14.229 P / L2 
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where P is the applied load (50 g), and L is the longest diagonal of the indentation (µm). 

 

Statistical analysis 

 Differences in the mean values of WS, SO, UTS, E, and MH were examined for 

each adhesive system (SB or SEB) using one-way analysis of variance (ANOVA). The 

Bonferroni test was used for post hoc multiple comparisons. In cases where equal variance 

tests failed, the data were analyzed using Tamhane's test. The statistic tests were applied at 

a significance level of 5%, using the software SigmaPlot 12.0.k 
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Results 

 The mean values and standard deviations of tested physicochemical properties in all 

experimental groups are displayed in Tables 2 (SB-based blends) and 3 (SEB-based 

blends). 

 

Water sorption and solubility 

An increase in WS and SO was observed for both SB and SEB when doped with 1% 

or 2% ZnCl2. WS of the adhesives doped with 5% ZnO were not significantly different 

from the control groups. A significant reduction in WS was observed for the 10% and 20% 

ZnO-doped adhesive blends. The SO was not modified when ZnO was incorporated in the 

tested adhesives. 

 

Modulus of elasticity 

 E values increased when SB was doped with ZnCl2
 . There were no differences in E 

values between SB-control and ZnO-doped SB-blends. For the SEB-blends, the 

incorporation of zinc compounds did not modify E values. 

 

Ultimate tensile strength 

No significant differences were found in UTS values between SB-blends. When 

SEB adhesive was doped with ZnO, UTS values were decreased. 

 

Microhardness 
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A significative increase in MH was only observed when SB was doped with 20wt% 

ZnO. For SEB-blends, the addition of zinc increased microhardness values in all cases. 

ZnCl2-doped SEB-blends attained higher microhardness values than did ZnO-doped SEB 

ones. 
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Discussion 

Two commercial dental adhesives were doped with two different zinc compounds 

and the physicochemical properties of the resulting adhesive blends were evaluated. The 

null hypothesis tested in the present study was rejected because the addition of zinc 

chloride (ZnCl2) or zinc oxide (ZnO) to dental adhesives altered some of their 

physicochemical properties. 

Incorporation of zinc compounds yielded similar variations in WS and SO for both 

adhesives evaluated (Tables 2 and 3). WS is a phenomenon related to adhesives 

formulation (i.e. the polarity of monomers, chain topology, and amount of solvent) that 

consists basically of water uptake into the polymer network.28,29 As a result, the polymer is 

softened by swelling of the network and reduction of the frictional forces between the 

polymer chains, a process known as plasticization.30 In this way, the higher the WS of an 

adhesive system, the larger is the reduction of mechanical properties when polymers are 

exposed to water.26,31-32 

The SO consists of the elution of some inadequately polymerized monomers and 

other resin components as photoinitiators, photostabilizers, decomposition products, and 

resin-sparse inorganic filler particles.33,34 WS, SO, and hydrolysis constitute a simultaneous 

and dynamic process, where hydrolysis and SO depend primarily on water uptake into the 

polymer network; SO is also significantly influenced by the existence of low-weight 

molecules (e.g. previously hydrolyzed or unreacted oligomers/monomers, and resin-sparse 

fillers) that can be leached out of the polymer network. Therefore, WS generally shows a 

direct association with SO.25 In the present study, this association is clearly evidenced, 

since ZnCl2-doped adhesives produced increased WS and SO values, whereas ZnO-doped 
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adhesives showed a tendency toward reduction of WS and SO with higher concentrations 

of ZnO. It is known that the presence of filler might provide the adhesives with improved 

mechanical properties and decreased water sorption.34-36 It can be speculated that ZnO 

particles were not completely solubilized into the adhesive blends, thereby performing as 

fillers. As more zinc “fillers” were added, the E and MH values increased (Tables 1 and 2) 

because there was less resin in the mixture. Similarly, as the resin content fell with 

increases in zinc oxide, there was less resin to absorb water so WS decreased.  

The gradual hydrolysis of the polymerized adhesive and the low-weight hydrolyzed 

molecules leaching out of the hybrid layer due to WS and SO permit some matrix-bound 

endogenous enzymes (e.g. MMPs) to enter and cleave unprotected collagen fibrils within 

the decalcified dentin.19 Furthermore, the polymer degradation may also serve as a pathway 

for dentinal fluid from the pulp chamber charged with additional MMPs, which may 

increase the collagen proteolysis over time.16 Although it is well-known that WS and SO 

processes may reduce the mechanical properties of the resin-bond interface,26,31,32 it is 

important to note that in the zinc-doped adhesives, SO of the polymer are necessary for 

release of zinc ions into the hybrid layer and the underlying dentin.19,20 In this way, zinc 

may not only act as an MMP inhibitor, but may also influence signaling pathways and 

stimulate a metabolic effect in hard tissue mineralization.37,38 The precipitation of a calcium 

phosphate layer has been described for other zinc-doped biomaterials, and further formed 

hydroxyapatite has been shown to be less soluble, being in terms of solubility and quality 

strictly dependent on.39 Moreover, zinc has also been shown to enhance the occlusion of 

dentinal tubules by crystal precipitation, and these crystals do not easily dissolve after acid 

exposure.40 Many zinc containing/releasing materials have been widely employed in 
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Restorative Dentistry with high degrees of clinical success (e.g. silver amalgam, and a 

variety of zinc oxide-containing cements used as temporary fillings, cavity liners, and root 

canal filling materials).41,42 

Mechanical properties such as UTS and E are important for dental adhesives to 

compensate the stresses generated by the polymerization shrinkage of resin composites.22 

Also, occlusal loading stresses deteriorate the adhesive interface over time, leading to the 

failure of the restoration.22 For this reason, it was important to know if the addition of zinc 

compounds into dental adhesives could affect their mechanical properties. While addition 

of up to 20wt% ZnO reduced the amount of resin in the adhesive by up to 20%, adding of 

2wt% ZnCl2 would not be expected to produce any changes due to its “filler” effect. 

It was observed that the addition of zinc compounds into SB did not modify UTS 

values. In the case of SEB, a slight reduction of UTS mean values was observed (approx. 

10%) when the adhesive was doped with ZnO (Table 3), which may be related to zinc 

chelation by one of the main components in SEB (10-MDP), by inducing differences in 

coherence within the polymer matrix. However, when ZnO-doped SEB was bonded to 

dentin, bond strength was not affected, being similar to that of the zinc-free SEB.19 

The expected decrease in the mechanical properties originated by WS and SO 

processes may be reduced when these Zn-doped adhesives are in contact with dentin, since 

the release of zinc ions within the hybrid layer inhibits MMPs-mediated collagen 

degradation and may induce crystals precipitation and hydroxyapatite formation,23 thereby 

rendering the resin-dentin interface mechanically and chemically more resistant over 

time.20 
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E values of SB-blends significantly increased only with the addition of ZnCl2 (Table 

2). A tendency towards increased E values with the incorporation of ZnO was also 

observed, reaching a magnitude significantly similar to the ZnCl2-doped SB-blends. The 

variation in E of Zn-doped SB-blends when compared to SB-control ranged from 24% to 

48% (Table 2). On the other hand, E values of Zn-doped SEB-blends were not significantly 

different in comparison with zinc-free SEB (with a variation from -11% to 5%) (Table 3). 

Thus, in the present study it was demonstrated that the addition of zinc compounds to 

dental adhesives did not negatively affect tested mechanical properties. 

Microhardness is usually considered as an indirect measurement of the degree of 

conversion of polymeric matrices that have the same composition.43 As zinc-doped resin 

blends used in the present study have different compositions (different percentage of ZnCl2 

or ZnO), the MH test was interpreted only as a mechanical property to confirm the E and 

UTS results. It was observed that 20% ZnO-doped SB-blends and all ZnO-doped SEB-

blends had MH values that were significantly higher than control resins. ZnCl2-doped SEB-

blends also increased MH values to levels that were higher than ZnO-doped SEB-blends. 

As the effect of zinc incorporation in E and microhardness was adhesive-dependent, it may 

be speculated that noticeable differences in adhesives formulations are the major reason for 

this finding. SB contains high rates of solvent (ethanol/water) and copolymer of acrylic 

acids that provide a hydrophilic nature to this adhesive. On the other hand, the adhesive 

component of SEB contains non-volatile solvents and has self-etching capacity due to the 

presence of a functional acidic 10-MDP monomer. Further studies are necessary to clearly 

understand how zinc might interact with 10-MDP. 
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In conclusion, addition of 20wt% ZnO to resin adhesives does not decrease their 

physicochemical properties but instead, reduces WS and increases MH. Evaluation of long-

term water aging on the mechanical properties of zinc-doped adhesives is recommended to 

predict the durability of restorations treated with this novel approach. Other benefits of Zn-

doping etch-and-rinse dentin adhesives might also be studied, e.g. possible antimicrobial 

properties.44-46 Endodontic sealers, luting cements and caries preventive materials may also 

be benefited by this Zn-doping strategy. 

a. 3M ESPE, St. Paul, MN, USA 

b. Kuraray, Tokyo, Japan 

c. Panreac Química, Barcelona, Spain 

d. Sigma Aldrich, St. Louis, MO, USA 

e. Vortex Wizard 51075; Velp Scientifica, Milan, Italy 

f. Bluephase; Ivoclar Vivadent, Schaan, Liechtenstein 

g. Model 100; Demetron Research Corporation, Danbury, CT, USA 

h. Instron 4411; Instron, Canton, MA, USA 

i. Zapit; Dental Venture of America, Corona, CA, USA 

j. V-testor 402; Instron Wolper GmbH, Ludwigshafen, Germany 

k. Systat Software Inc., San Jose, CA, USA 
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Table 1. Description of the adhesive resins used in the study. 

Adhesive and manufacturer Basic formulation 
Adper Single Bond Plus (SB)a 
 

Bis-GMA, HEMA, glycerol 1,3-dimethacrylate, UDMA, ethyl 
alcohol, water, silane treated silica, copolymer of acrylic and 
itaconic  acids  
 

Clearfil SE Bond - Bonding 
component (SEB)b 

Bond: MDP, Bis-GMA, HEMA, hydrophobic aliphatic 
dimethacrylate, dl-camphorquinone, diethanol-p-toluidine, 
colloidal silica, non-volatile solvents 
 

Bis-GMA, bisphenol A diglycidyl ether methacrylate; HEMA, 2-hydroxyethyl methacrylate; UDMA,
diurethane dimethacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate. 
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Table 2. Physicochemical properties of Zn-doped Adper Single Bond Plus blends. 

Adhesive blends WS 
(μg/mm3) 

SO 
(μg/mm3) 

E 
(GPa ) 

UTS 
(MPa) 

MH 
(KHN) 

SB 256.5 (13.7)c 84.5 (11.0)a 1.82 (0.48)a 20.68 (3.6)a 22.8 (4.0)a 

SB+ZnCl2 (1%) 279.3 (14.3)d 116.4 (9.1)b 2.59 (0.32)b 19.23 (3.7)a 24.6 (5.0)ab 

SB+ZnCl2 (2%) 280.3 (7.3)d 142.3 (5.0)c 2.70 (0.35)b 21.64 (2.4)a 25.9 (6.9)ab 

SB+ZnO (5%) 250.6 (13.9)bc 84.2 (4.3)a 2.49 (0.57)ab 19.86 (4.2)a 26.0 (6.7)ab 

SB+ZnO (10%) 227.3 (16.5)ab 77.5 (7.2)a 2.42 (0.43)ab 20.24 (4.4)a 26.3 (5.2)ab 

SB+ZnO (20%) 213.1 (11.4)a 73.9 (7.2)a 2.26 (0.29)ab 21.34 (4.5)a 28.8 (5.8)b 

P values < 0.001 < 0.001 0.004 0.411 < 0.001 

Values are means and standard deviations. Different superscript lower case letters indicate significant 
differences within columns (p < 0.05). 
WS = water sorption; SO = solubility; E = modulus of elasticity; UTS = ultimate tensile strength; MH = 
microhardness. 
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Table 3. Physicochemical properties of Zn-doped Clearfil SE Bond blends. 

Adhesive blends WS 
(μg/mm3) 

SO 
(μg/mm3) 

E 
(GPa ) 

UTS 
(MPa) 

MH 
(KHN) 

SEB 83.4 (6.5)b 8.8 (5.2)ab 3.00 (0.21)ab 50.45 (7.2)b 27.2 (3.4)a 

SEB+ZnCl2 1%) 102.8 (3.3)c 22.1 (4.6)c 2.67 (0.33)a 51.65 (4.8)b 37.5 (2.9)d 

SEB+ZnCl2 (2%) 118.0 (5.8)d 24.1 (6.5)c 2.76 (0.30)ab 52.89 (5.4)b 38.5 (4.5)d 

SEB+ZnO (5%) 87.9 (2.4)b 16.5 (3.6)bc 2.95 (0.30)ab 47.01 (5.6)a 33.8 (3.6)bc 

SEB+ZnO (10%) 74.8 (4.0)a 6.1 (2.7)a 2.89 (0.34)ab 45.74 (7.54)a 31.4 (3.5)b 

SEB+ZnO (20%) 76.2 (2.7)a 4.6 (3.8)a 3.15 (0.30)b 44.80 (6.9)a 34.4 (5.3)c 

P values < 0.001 < 0.001 0.014 <0.001 < 0.001 

Values are means and standard deviations. Different superscript lower case letters indicate significant 
differences within columns (p < 0.05). 
WS = water sorption; SO = solubility; E = modulus of elasticity; UTS = ultimate tensile strength; MH = 
microhardness. 


