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a  b s  t r a  c t

Objectives. The aim of this study is evaluating the  antibacterial activity of resin composites

containing ZnO nanoparticles against Streptococcus mutans and examining their physical and

mechanical properties.

Methods. The properties of flowable resin composites containing 0–5  wt.% nano-ZnO are

investigated using different tests:

A.  Antibacterial activity (including agar diffusion test on the cured resins, direct contact

test  using bacteria in a  liquid medium, evaluating the  effect of aging while the  samples

are adjacent to a  liquid medium, and scanning electron microscopy (SEM)).

B. Mechanical behavior (including flexural and compressive strength and modulus).

C. Curing aspects (including depth of cure and degree of conversion).

D. Adhesion properties (including micro-shear bond strength).

Results. Although the agar diffusion test reveals no significant difference between the groups,

the  direct contact test demonstrates that by increasing the  nanoparticle content, the  bacte-

rial growth is significantly diminished (p < 0.05). In the  aging test, however, the antibacterial

properties reduce significantly (p < 0.05).  The flexural strength and compressive modu-

lus remains unchanged by  incorporation of nanoparticles (p > 0.05) while the compressive

strength and flexural modulus significantly increase (p < 0.05). The ZnO containing resins

show significantly lower depth of cure (p < 0.05), and higher bond strength (p  < 0.05). There is
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no significant difference between the degrees of conversion, measured by FTIR technique,

of the groups (p >  0.05).

Significance. Production of a  dental resin composite with antibacterial activity without signif-

icant  sacrificing effect on the  mechanical properties is desirable in dental material science.

©  2013 Academy of Dental Materials. Published by  Elsevier Ltd. All rights reserved.

1. Introduction

Secondary caries are defined as  “positively diagnosed carious

lesion occurs at the margins of an existing restoration” [1].

This phenomenon remains the most frequent reason leading

to shortening the service life of dental restorations [2] and

finally results in the need for the replacement of the  restor-

ative materials [3].

The main cause of enamel demineralization is adhesion

of micro-organisms to the teeth and/or restorations which

produces pathogenic plaque. Therefore, one of the most

applicable methods for preventing enamel demineralization

around the restorations is  using dental materials resistant to

the bacterial accumulation [4].  On the other hand, as  various

laboratory and clinical researches have demonstrated, com-

paring to either other restorative materials or dental hard

tissues, more  plaque accumulation occurs on resin compos-

ites which results in higher prevalence of secondary caries

around composite resin restorations [5].  The more  biofilm

formation on resin composites is  related to its surface rough-

ness and free energy, that is the outcome of resin type, filler

size, and percentage of filler. Moreover, not only none of the

resin composite components have bacteriostatic property, but

also they are metabolized or eaten away by microorganisms

[6]. Therefore, recent studies pay growing attention to the

antibacterial activity of composite resins in order to reduce

the risk of recurrent decay around esthetic direct restorative

materials. Different approaches have been used to impart

the antibacterial activity into the resin based dental compos-

ites and adhesives. The first approach is the incorporation of

antibacterial agents into the resin matrix which are released

over the time inhibiting the bacterial growth. Examples of

the agents are fluoride and chlorhexidine [7–9]. Although the

agents are initially strong antibacterial agents, their release

rates do not last for long periods. In addition, the dental com-

posites containing the agents have shown a higher rate of

bond failure because their mechanical properties are diversely

affected [10].  The other approach is  the  inclusion of quater-

nary ammonium functionality in the resin monomers or as

an additive [11–17].  It seems the  approach is  more  promis-

ing as the researches have reported higher longevity for the

antibacterial activity of the  composites containing the  mate-

rials. The third approach is the incorporation of metal (oxide)

particles/ions into the restorative materials [18,19].  From cen-

turies ago, metals such as silver, gold, and zinc have been

used as bactericidal and bacteriostatic agents [20–22].  The

antibacterial efficacy of metals is directly depends on their

total contact surface area. The nano-scale dimensions of

nanoparticles allow a  considerable broader gamut of inter-

actions with microorganisms increasing their antibacterial

activities.

Streptococcus mutans is one of the major species of bacteria

responsible for dental caries [23].  Several researches argued

that among metallic agents, silver nanoparticles are the most

effective metal for inhibiting the growth of S.  mutans [24].

However, the major drawback of silver in restorative dental

materials is the cosmetic changes of tooth colored materi-

als [24]. Hence, insoluble, tooth-colored, or colorless metal

oxide powders such as  silica, zirconia, alumina and zinc oxide

(ZnO) may  be more  interesting in dental composites. Although

the incorporation of ZnO into dental composites may  impart

antibacterial activity [5],  the opacity of the  particles against

visible light may adversely affect the light curing and, conse-

quently, the mechanical properties of the composites.

The purpose of this study is  to evaluate the hypothesis

whether the addition of minute amounts of ZnO-NPs into a

flowable resin composite would affect its bond strength, phys-

ical and mechanical properties, and antimicrobial activity.

2. Materials  and  methods

2.1. Preparation  of  test  specimens

In this study we had six  experimental groups consisting of

five resin composites containing ZnO-NPs in different con-

centrations of 1, 2, 3, 4, and 5 wt.% and one control group

with no additive. The tested materials were prepared by

the incorporation of the ZnO-NPs (average particle size of

20 nm with hexagonal crystal structure and 99.8% purity)

(Nanopars Espadana, Isfahan, Iran) into the  dental restorative

resin composite Heliomolar Flow (Ivoclar Vivodent AG, FL-9494

Schaan/Liechtenstein). The nanoparticle powder was  added

to the resin composite and homogeneously mixed in  a dark

room for 15 min  with a  glass spatula. These modified compos-

ites were stored in completely opaque bottles until each test

were performed.

2.2.  Anti-bacterial  tests

2.2.1.  Bacterial  strains  and  growth  conditions

S. mutans PTCC 1683 (Persian Type Culture Collection, IROST,

Iran) were used in this study. The bacteria were cultured aer-

obically overnight in 5 ml  of brain–heart infusion (BHI) (High

Media, India), at 37 ◦C.

2.3.  Preparation  of  the  microtiter  tubes

A  microtiter tube (500  �l, Zimax K.A., Iran) was vertically pos-

itioned. Using a  flat-ended dental instrument (dental spatula)

the side walls of twelve dishes were coated evenly with an

equal amount of the tested material (200 �l in  each tube).

The materials were polymerized for 280 s with an overlapping
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regimen by a light curing unit (LED, DEML, SDS Kerr, USA, with

an intensity of circa 800 mW cm−2)  in seven 40 s cycles from

the top and the  outside wall of the tubes.

2.4.  Direct  contact  test  (DCT)

The direct contact test (DCT) was  performed to determine the

antibacterial activity of the tested materials [25,26]. A  10 �l  of

bacterial suspension (∼106 bacteria) was placed on the sur-

face of each tested material in a set of three tubes for each

group. The tubes were then incubated in vertical position for

1 h under a sterile condition. During the incubation period,

the suspension liquid was evaporated to  obtain a  thin layer of

bacteria, ensuring direct contact between the bacteria and the

tested surface. A  10  �l  of the bacterial suspension was placed

on the uncoated walls of three tubes, which served as control.

Then 300 �l of BHI broth were added to each tube containing

the material [17]. After 3, 6, 12  and 24 h, aliquots of 50 �l of

the mixture (bacteria + BHI  broth) were spread on blood agar

plates (High Media, India and defibrinated sheep blood) and

incubated at 37 ◦C for 24 h subsequently. The bacterial colonies

were then counted.

2.5.  Material  aging

Similar microtiter tubes were prepared with the tested mate-

rials and aged for 48 h, 1 and 4 weeks. During this period each

well  was filled with 300 �l  PBS (Phosphate Buffered Saline),

which was replaced every 48  h,  and the  plates were incubated

at 37 ◦C. The PBS was aspirated and the plates were dried under

sterile condition before the DCT test [17].

2.6.  Agar  diffusion  test

200 �l  of bacterial suspension was spread on blood agar.

Uniform resin composite test-disks (2 mm thick and 8 mm

in diameter) were prepared by pressing the sample resins

between two glass slides to obtain smooth surfaces. The disks

were photopolymerized for 40 s using the light curing unit

from the top side and an extra 40  s cycle was repeated from the

bottom side in order to  ensure complete photopolymerization.

Test-disks of the resin composite Heliomolar Flow with 0, 1, 2,

3, 4 or 5 wt.% ZnO-NPs contents were placed on the surface of

the mentioned blood agar plates. The plates were incubated

for 24 h at 37 ◦C and the inhibition zone around each specimen

was  measured in mm scale [17].

2.7.  Scanning  electron  microscopy

New resin composite disks prepared as  previously described.

A 10 �l of bacterial suspension (∼106 bacteria) was  placed on

the surface of each specimen and incubated for 1 h at 37 ◦C.

Evaporation of the suspension liquid resulted in  a  thin layer

of bacteria, ensuring direct contact between the bacteria and

the specimen surface. The samples were fixed with glutaralde-

hyde and osmium tetroxide solutions, dehydrated in a  graded

ethanol series, and then gold coated. An additional set  of disks

was  processed as above and incubated for 24 h in 5  ml  of BHI

broth. The test specimens were then examined by scanning

electron microscopy (HITACHI, S-4160, Japan, Field Emission

Electron Microscopy (FE-SEM)) [17].

2.8. Measurement  of  degree-of-conversion

The degree of photopolymerization conversion of specimens

containing 0, 1, 2, 3, 4 and 5 wt.% ZnO-NPs was measured by

FTIR (EQUINOX 55, Bruker, Germany) spectroscopy. The speci-

mens were placed between two polyethylene films, pressed to

form a very thin film and the absorbance peaks of the un-cured

samples were obtained. The specimens were then light-cured

for 40 s using the light source and the  peaks were collected for

the cured specimens.

Degree of conversion (DC%) was determined from  the ratio

of absorbance intensities of aliphatic C  C  (peak at 1638 cm−1)

against internal reference of the aromatic C· · ·C (peak at

1608 cm−1)  before and after curing of the specimen. The degree

of conversion was then calculated as  follows [27]:

DC%  =

(

1 −

(1638 cm−1/1608 cm−1) peak area after curing

(1638 cm−1/1608 cm−1)  peak area before curing

)

×100

For each group of resin composites the measurement was

repeated for three times.

2.9.  Measurement  of  the  depth  of  cure

The depth of cure of resin composite was determined follow-

ing the ISO 4049 (2000) standardized technique. The composite

resins were inserted into a  stainless-steel split mold with a

cylindrical cavity of 10  mm height and 4 mm  diameter while

the top of the mold were covered with transparent polymer

strips. The specimens were then light-cured for 40 s from the

top. Immediately after irradiation, uncured materials were

scraped away with a plastic spatula. Subsequently, the height

of the cured resin was measured in  three different places using

a  digital micrometer (Mitotoyo, Japan). The measured values

were divided by 2 and the average of three measurements was

then reported as the depth of cure.

2.10.  Flexural  strength  and  modulus

Flexural strength is one of the most important mechanical

tests for assessing the performance of dental resins. Accord-

ing to  ISO 4049, the resins were inserted in a  rectangular

stainless-steel mold with 2 mm × 2 mm  × 25 mm dimensions,

which was placed on a  glass slide. Then, the mold was cov-

ered with another glass slide and specimens were cured from

both top and bottom sides by a  light-curing unit irradiated for

40 s in each spot  using an  overlapping regime. The specimens

were removed from the mold and stored in deionized water

for 1 day at 37 ◦C prior to the test. Both surfaces of all speci-

mens were polished using a 600 grit silicon carbide paper in  a

moist environment. At least 7 specimens were tested for each

formulation. A three-point bending test was performed using

a universal testing machine (Z20, Zwick Roell, Germany) at a
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cross-head speed of 0.5 mm min−1. The flexural strength (FS)

in MPa  was calculated as:

FS =

3PL

2bd2

where P stands for load at fracture (N), L is  the span length

(20 mm),  and b  and d are, respectively, the width and thick-

ness of the specimens in millimeter. The elastic modulus was

also determined from the  slope of the initial linear region of

stress–strain curve.

2.11.  Compressive  strength  and  modulus

According to ISO 9917 for the compressive strength tests, the

stainless steel cylindrical molds with diameter of 4 mm and

height of 6 mm were placed on a  glass slide and then over-

filled with the resin composites. After complete filling of the

mold, another glass slide was  pressed on the top side and the

whole materials cured for 40 s from each end. The lateral sides

of the cylindrical resin specimens were cured for further 40 s in

order to achieve higher polymerization. The specimens of each

group were stored in water at 37 ◦C  for 24  h prior to  test. The

compressive strength was then determined with the univer-

sal testing machine at a  cross-head speed of 1 mm min−1. The

specimens (no. = 5) were placed with their flat ends between

the plates of the testing machine so that the progressively

increasing compressive load was applied along the long axis

of the specimens [28].

2.12.  SEM  and  EDX-mapping

Microstructure of the fracture surfaces obtained from

mechanical test was analyzed using SEM (TESCAN, VEGAII,

XMU, Czech Republic). The samples were mounted on the alu-

minum  stub using carbon-coated double sided adhesive tape

and then coated with gold using sputter coater. In addition,

EDX elemental composition analyzer (EDXA, QX2, RONTEC

Co., coupled with SEM) was used to map  the distribution of

ZnO-NPs in resin samples. A probe current of 2.0 × 10−9 A, an

accelerating voltage of 30  kV, and spot size of 500 nm with a

collection time of 100 s,  were used during the mapping.

2.13.  Micro-shear  bond  test

A total of 30 caries-free extracted human premolars were used

in this in vitro study. The teeth were washed under running

water immediately after extraction and stored in formalde-

hyde 12% for 1 week. Consequently, they were stored in  0.9%

NaCl solution until the micro-shear bond strength test were

performed [29].  Using an air water dental turbine, the teeth

were cut from the  cervical area and then the crown of each

tooth was sliced into a  buccal and a lingual part. Hence, we had

60 specimens which were randomly divided into six groups.

The enamel surfaces were polished with a 280 grit silicon

carbide paper (Soft Flex, Germany) to remove the  prismless

layer. Teeth were etched with a 37%  phosphoric acid solution

(Total Etch 37%, Ivoclar Vivadent) for 15  s,  rinsed with water jet

spray for 5 s, and air dried. A commercially available bonding

agent (Exite, Ivoclar Vivadent) was  applied on the surface of

each slice following the manufacturer’s instruction. Prior to
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Fig. 1 – Colony forming unit following direct contact

between S. mutans and resin composites containing

0–5 wt.% ZnO-NPs. The legend shows the weight  percents

of the loaded nanoparticles. Y-error bars represent standard

deviation.

light-curing, a  cylinder tube (internal diameter: 0.75 mm,

height: 1.0 mm)  were placed on the enamel surface. After 20 s

irradiation using a light cure unit, each tube was carefully filled

with one of the mentioned six experimental resin composites

and then photopolymerized for 40 s from the top  of the tube.

The tubes around the composite cylinders were removed by

gently cutting the tube using a  surgery blade, the cylindrical

composite were light cured three more  40  s cycles from the

right, left and top sides with the  purpose of being ensure about

the complete polymerization. Having stored for 24 h in  water

at 37 ◦C, each specimen was adhered to the testing apparatus

with a  cyanoacrylate adhesive. A  thin wire (diameter 0.2 mm)

was looped around each composite cylinder, so that the wire

was in contact with the lower half-circle of the cylinder and the

tooth surface. Pulling up the wire, a  shear force was applied to

each specimen at a  cross-head speed of 1 mm  min−1 using the

universal testing machine until failure occurred. The micro-

shear bond strength was  then calculated by dividing the force

at break by the composite–enamel interface area [30]. The frac-

ture surfaces were evaluated under the stereo-microscope and

SEM in order to determine the mode of bond failure.

2.14.  Data  analysis

The data were analyzed using SAS software (version 9.1) by

one-way ANOVA, and the Tukey post hoc HSD multiple com-

parison test. The level of significance was determined as

p = 0.05.

3. Results

3.1. Direct  contact  and  aging  tests

The results of bacterial colony count (Colony Forming Unit,

CFU) regarding the direct contact and material aging test after

48 h, 1 week and 4 weeks are depicted in Figs. 1–4,  respectively.

Each point on the curve represents the mean value measured

from three tubes containing the same test material. As can

dx.doi.org/10.1016/j.dental.2013.03.011
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Fig. 2 –  Colony forming unit following direct contact

between S. mutans and 48 h-aged resin composites

containing 0–5 wt.% ZnO-NPs. The legend shows the

weight percents of the loaded nanoparticles. Y-error bars

represent standard deviation.

0

4000

8000

12000

16000

20000

0 3 6 9 12 15 18 21 24 27

C
o
lo

n
y
 f

o
rm

in
g
 u

n
it

Time (hour)

0%

1%

2%

3%

4%

5%

Fig. 3 –  Colony forming unit following direct contact

between S. mutans and 1-week-aged resin composites

containing 0–5 wt.% ZnO-NPs. The legend shows the

weight percents of the loaded nanoparticles. Y-error bars

represent standard deviation.
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Fig. 4 –  Colony forming unit following direct contact

between S. mutans and 4-week-aged resin composites

containing 0–5 wt.% ZnO-NPs. The legend shows the

weight percents of the loaded nanoparticles. Y-error bars

represent standard deviation.

be seen in Fig. 1, in  direct contact test as the NPs increase

the CFU decrease and there is significant difference between

groups (p < 0.05). Meanwhile, both of the  4 and 5 wt.% groups

entirely inhibit formation of any bacterial colony.

Fig. 2 demonstrates a strong antibacterial effect after an

aging period of 48  h in  all the  resin composite specimens in

which the ZnO-NPs were incorporated, compared with the

control specimen (p < 0.05). However, there is no significant

difference between either of the 1, 2, 3, 4  or 5 wt.% groups

(p > 0.05). Moreover, as it is evident in Figs. 3 and 4,  after 1 week

or 4 weeks incubation all the six tested groups are roughly

similar with each other against S.  mutans and there is  no sig-

nificant difference between them (p > 0.05).

3.2.  Agar  diffusion  test

There were no inhibition zones around the specimens of dif-

ferent groups on the  agar medium containing S.  mutans strain

(data not shown).

3.3.  Scanning  electron  microscopy

Surface view of specimens following direct contact of S. mutans

with the resin composite after 1 h incubation at 37 ◦C are

shown in Fig. 5. Microorganisms are visible in  all SEM micro-

graphs, whilst low quantities of colonies and smaller ones are

observed in higher NPs contents.

SEM micrographs of the specimens incubated at 37 ◦C  for

24 h were somehow similar to the 1 h incubated ones (data not

shown).

3.4.  Degree  of  conversion

The data which are obtained from FTIR spectroscopy are dis-

played in  Fig. 6 as  the mean values of DC% in six groups. Tukey

post hoc test revealed that there is no significant difference

between the  DC% of the groups (p > 0.05).

3.5.  Depth  of  cure

The mean depth of cure values showed significant differences

(p < 0.05). It is seen in Fig. 7 that as  the NPs content increase,

the depth of cure notably decreases. Accordingly, the curing

depth of the 5 wt.% group is  about the half of the unmodified

resin group.

3.6.  Flexural  strength  and  modulus

As  Fig. 8 illustrates there is no significant difference between

flexural strength of the specimens containing different ZnO-

NPs content (p > 0.05). Incorporation of the nanoparticles into

the resin composite, however, resulted in an  increase in  the

flexural modulus of the composites with a  maximum corre-

sponding to 4 wt.% ZnO-NPs content (p < 0.05) (Fig. 9).

3.7.  Compressive  strength  and  modulus

Comparison of compressive strength, presented in Fig. 10,

showed an increase in the compressive strength of the sample

containing 1 wt.% nanoparticle (p < 0.05).

dx.doi.org/10.1016/j.dental.2013.03.011
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Fig. 5 – SEM micrograph of S. mutans cells in direct contact with resin composite after 1 h incubation at  37 ◦C,  showing

bacterial attachment and growth (A, B and C, respectively, represent composites containing 0, 3  and 5 wt.% ZnO-NPs).

Statistical comparison also revealed that there is no signif-

icant difference between the composites of different groups

(p > 0.05), shown in  Fig. 11.

3.8.  SEM  and  EDX-mapping

EDX mapping performed on the fracture surface of the 5 wt.%

ZnO-NPs specimen (Fig. 12) demonstrates homogenous distri-

bution of Zn element in the specimen which proves a  good

distribution of NPs in the resin matrix.

3.9. Micro  shear  bond  strength

As Fig. 13 illustrates, the highest and lowest bond strengths is

related to 1 wt.% and 5 wt.%, respectively (p < 0.05). There was

Fig. 6 – Degree of conversions of resin composites

containing 0–5 wt.% ZnO-NPs. Y-error bars represent

standard deviation.

no significant difference between the bond strengths of the

other groups (p > 0.05).

Stereo-microscope observation (not shown here) and SEM

evaluation (Fig. 14)  revealed that the failure mode in  the  test

was mostly adhesive in the adhesive–enamel interface.

4.  Discussion

The results of the  current study show that incorporation of

ZnO-NPs into the resin composites could significantly inhibit

the S. mutans strains, without sacrificing the mechanical prop-

erties of the resins except that it would diminish the depth of

cure of the  resin at high NPs contents.

Fig. 7 – Depth of cure (mm)  of resin composites containing

0–5 wt.% ZnO-NPs. Y-error bars represent standard

deviation.

dx.doi.org/10.1016/j.dental.2013.03.011
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Fig. 8 –  Flexural strength (MPa)  of resin composites

containing 0–5 wt.% ZnO-NPs. Y-error bars represent

standard deviation.

Fig. 9 –  Flexural modulus (GPa) of resin composites

containing 0–5 wt.% ZnO-NPs. Y-error bars represent

standard deviation.

Our findings in  the  agar diffusion test were in agreement

with those of Sevinc et al. as  there were no inhibition zones

around the test specimens [5].  Although Sevinc et al. did not

report any inhibition zone around the specimens containing

Fig. 10 – Compressive strength of the ZnO-NPs containing

resin composites. Y-error bars represent standard

deviation.

Fig. 11  – Compressive modulus of resin composites

containing ZnO-NPs. Y-error bars represent standard

deviation.

ZnO-NPs, they showed an  inhibition zone on the  agar medium

around the resin specimens containing Ag-NPs. They con-

cluded that, due to the insolubility of the  ZnO-NPs, a sufficient

amount of Zn2+ could not leach to  the surrounding environ-

ment to  establish an antibiotic efficacy while the Ag+ may

release and develop the inhibition zone around tested spec-

imens. Therefore, the ZnO-NPs could not be considered as an

effective non-contact antibacterial agent [5].

The agar diffusion test and the minimum inhibitory

concentration are most important traditional methods for

evaluating the antibacterial behavior of many dental and med-

ical materials [31].  The mechanism of these methods, which

are frequently used investigating the antibiotics, is based

on water-soluble components released from the bulk of the

materials. Accordingly, the examination of the antibacterial

Fig. 12  – EDX Zn map  of the resin composite containing

5 wt.% ZnO-NPs. White spots represent Zn element.
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Fig. 13 – Micro-shear bond strength of resin composites

containing 0–5 wt.% ZnO-NPs. Y-error bars represent

standard deviation.

materials with low solubility by these methods is not valid

[26]. However, one of the most important requirements of

dental restorative materials is that they should have quite

low solubility in an aqueous environment accomplishing their

task in the oral cavity. The DCT is  a test for evaluation of

solid materials that has  extremely low soluble components.

In DCT method, bacteria have a  controlled direct contact with

the desired material, after which the amount of the bacterial

growth is quantified and analyzed [17].

As can be seen in Fig. 1, the DCT results revealed that ZnO-

NPs could endow the  resin with antibacterial activity, which

was significantly enhanced as the concentration increased.

Fig. 14 – SEM of the composite-bonding-enamel interface

showing the failure mode of the adhesive layer. The failure

was mostly adhesive between enamel and bonding.

This finding is similar to the results of Niu et al. [32] and

Sevinc et al. [5] whom resin test specimens contained up to

10% ZnO-NPs and also some of the  other previous studies [33].

Nevertheless, Niu et al. also confirm that the  incorporation

of up to 5% ZnO-NPs into the resin is  preferred in  compari-

son to 10% ZnO-NPs to give appropriate antibacterial activity

[32].

In order to estimate the sustainability of the  ZnO-NPs

efficacy in the resin matrix the aging test was performed.

The results, demonstrated in Fig. 2,  showed that after 48 h

immersing in PBS the ZnO-NPs containing groups exhibited

significantly lower CFU in  comparison to the  unmodified flow-

able composites (p < 0.05). After more  than 1 week, however,

there was no significant difference between the six groups

(Figs. 3 and 4)  (p > 0.05). Although the prior studies proposed

that ZnO-NPs are insoluble and the antibacterial effect of ZnO-

NP composites would not diminish over time [5],  our aging test

displayed that the efficacy of antibacterial activity of ZnO-NPs

in  the resin matrix in  a  liquid environment is questionable.

Sevinc et al., who investigated the biofilm growth on the sur-

face of 10% ZnO-NP-composites after multiple cycles, reported

that although in the  second cycle the ZnO-NP-composites

showed considerable lower bacterial growth comparing to

their control unmodified resins, in  the third cycle they did not

differ significantly with each other [5].  Their finding is close to

ours. The 48 h aged group received only one cycle of immers-

ing in the PBS while the 1  week group received three cycles

because the PBS was  refreshed every 48 h. Nonetheless, our

specimens were immersed in a  new environment while Sevinc

et al. just scraped the surface of their test specimens between

each cycle [5].

Turbidity or optical density absorbance has been used for

the evaluation of antibacterial properties of resin composites

containing different antibacterial particles [17].  The turbidity

measurements, however, have an important limitation as they

consider both dead and vital bacteria in  liquid environment

[34]. In the present study, as we used the colony count method,

only the number of the  live bacterial cells is ranked at the end

of the mentioned time intervals.

One of the mechanisms explaining the antimicrobial

behavior of ZnO-NPs is that they produce different active oxy-

gen species like  H2O2 which inhibit growth of viable microbes.

Some metal oxide NPs such as  TiO2 demonstrate antimicro-

bial activities based on the same mechanism [35].  However,

the production of the active oxygen is just possible in the

presence of ultraviolet light, so, in the absence of light, TiO2-

NPs are apparently unable to significantly inhibit the bacterial

growth. ZnO-NPs may also exhibit photocatalytic behavior

under ultraviolet light, leading to the production of antimicro-

bial active oxygen species [36].  But, the antibacterial character

of ZnO-NPs also could be  detected without exposing to  any

light source [36,37].

Another mechanism for the antimicrobial activity of ZnO-

NPs could be  attributed to the possible interaction between

the nanoparticles and bacteria caused by electrostatic forces

which are promoted by exposure to the light [38].

Zn2+ ions interfere with the bacterial enzyme systems by

displacing with magnesium ions which is  essential for enzy-

matic activity of the  dental plaque. Although the possible

leaching of Zn2+ into the growth media has been reported as an
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alternate antimicrobial mechanism of ZnO-NP [39].  The lack of

inhibition zone in  the agar diffusion test revealed that, at least

in the present study, direct contact is  of higher importance.

A dental composite should have satisfactory mechanical

properties besides the antibacterial activity to  be  accepted as a

successful restorative dental material, especially in positions

with heavily occlusal stresses. The physical and mechanical

properties which are evaluated in the current study include

the flexural and compressive strength, flexural and compres-

sive modulus, degree of conversion, depth of cure and the

micro-shear bond strength.

Although there are several methods for assessing the

DC% of resin composites, the most sensitive method is  the

FTIR spectroscopy [40].  No significant difference was observed

between the DC% of the tested group. It means that the addi-

tion of up to 5% of ZnO-NPs does not affect the  DC% of flowable

resin composites in the specimens with low thicknesses which

were tested in the  FTIR technique.

In light-curing systems the curing process depends on dif-

ferent factors including the irradiation energy, the  wavelength

and penetration of light beam in  filled systems. The amount

and size of filler particles also affect this phenomenon [41].

As an important aspect, the penetration of light is influenced

by transparency of the whole resin and filler of composite [29].

ZnO is opaque against visible light and when incorporated into

the resin composite it would adversely affects the curing pro-

cess. To determine the effect of the ZnO-NPs content on the

curing in thick specimens, the  depth of cure of the composites

were tested according to ISO 4049. The results demonstrate a

dramatic decrease in depth of cure (p < 0.05) with the increase

of ZnO-NPs content (Fig. 7). The curing depth of 5% ZnO-NPs

containing group is less than half of the  control one, which is

free of ZnO-NPs. This could be attributed to the high opacity

of the ZnO-NPs.

Since the resin samples containing 4% or 5% ZnO-NPs have

a very low depth of cure, we  omitted these two groups from the

compressive strength test because the prepared test was per-

formed according to ISO 9917 in which the cylinder mold has

4 mm × 6 mm dimensions. Meanwhile, the flexural strength of

the test groups was  measured using the three point bend-

ing test according to ISO 4049 standard. As can be  seen in

Figs. 8 and 10,  both the flexural and compressive strength

diminish as the percentage of ZnO-NPs increase. Although

there is no statistically significant difference between the

flexural strength of the six groups (p > 0.05), the  compres-

sive strength of the group incorporating 1% of ZnO-NPs is

significantly higher than unmodified control group. It could

be concluded that the incorporation of ZnO-NPs into the

resin matrix may  enhance its mechanical property in  low

percentages. Previous studies also reported that incorpora-

tion of various NPs into resin composite would leads to

mechanical improvement up to a  threshold beyond which

more  NPs will no further increase the mechanical properties

[42]. The enhanced compressive strength at low NPs con-

tent is due to their relatively good dispersion, while higher

mass fraction of NPs would lead to the formation of bun-

dles and agglomerations leading to defects and flaws which

in turn deteriorate mechanical properties of the composite

[29,42]. The EDX-mapping results (Fig. 12), however, show a

good distribution, at least in the resolution of the mapping,

in the group containing up  to 5 wt.% ZnO-NPs. Therefore,

it could be concluded that the decrease in  the mechanical

properties is probably more  related to the effect of the NPs

on the curing of the composite rather than the formation

of structural defects due to the  agglomeration of the parti-

cles.

Normally, the fillers in the resin matrix have the respon-

sibility of mechanical reinforcement and improvement of

the modulus of matrix [29].  As Figs. 9 and 11  illustrate the

flexural and compressive modulus of the groups increase

incorporating up  to  1  wt.% nanoparticles (p < 0.05) with no fur-

ther increase in  the higher ZnO-NPs contents (p > 0.05). The

observations could be related to the  role of ZnO-NPs in  the

incomplete curing of system [29].

The most important goal of any tooth bonding system is

establishing a  strong and durable bond between the restor-

ative material and the tooth tissue. Microshear bond strength

test is one of the methods for evaluating the  bond strength in

dentistry researches [43]. As can be  seen in Fig. 13,  incorpora-

tion of ZnO-NPs into resin matrix would significantly increase

the bond strength (p  < 0.05). This is  in consistent with the pre-

vious studies reporting that the addition of filler to  resins

leads to increase in mechanical properties and bond strength

[44]. Fig. 13,  however, shows that the bond strength tends

to decrease at higher ZnO-NPs loadings which might be the

result of agglomeration phenomenon [30] and/or increase in

the opacity of the composite and incomplete curing. Primary

analyzing of the  shear bond test area by the stereo-microscope

demonstrated that most of the failure modes were adhesive.

Further analysis by scanning electron microscopy confirmed

the adhesive failure mode (Fig. 14).

Overwhelmingly, as  it is represented in Figs. 1–4,  our results

showed that the group with 1 wt.% ZnO-NPs has a great dif-

ference with the 0 wt.% besides that in the aging test the 1% is

similar to  4 and 5%. So, we  may conclude that incorporation of

1% ZnO-NPs provides beneficial antibacterial properties while

the mechanical properties are maintained.

5.  Conclusion

With the limitations of this study, we may  conclude that:

1. The addition of ZnO-NPs into flowable resin composite

would significantly inhibit the growth of S.  mutans.

2. Incorporation of the NP in  minute amounts of about 1  wt.%

would not adversely affect the mechanical properties of the

composite.
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