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Aim: The aim of this study was to evaluate the influence of different concentrations of two

photoinitiators and one co-initiator on the flexural strength (FS) and elastic modulus (E) of

experimental resin cements.

Materials and methods: Amixture containing BisGMA, TEGDMA, and barium-aluminum-

silicate (BaAlSi) and silanized colloidal silica (SiO2) filler particles was prepared with two

photoinitiators, viz. camphorquinone (CQ) and bisacylphosphine oxide (BAPO).

Dimethylaminoethyl methacrylate (DMAEMA) was used as co-initiator. Thirty groups (n=10)

were formulated with different photoinitiator systems (CQ/DMAEMA and BAPO/DMAEMA)

and concentrations (wt%) of photoinitiator and co-initiator. The photoactivation was carried out

for 20 s with a light-emitting diode (LED, Bluephase, Ivoclar Vivadent) with irradiance of 1200

mW/cm2. The FS and E were obtained in a three-point bending test on a universal testing

machine (0.5 mm/min). Data were subjected to the Kolmogorov-Smirnov normality test,

followed by two-way ANOVA and Tukey’s test (α=0.05).

Results: No polymerization occurred in the CQ groups without DMAEMA (0 wt%).

DMAEMA 0.5 %wt and 1 %wt groups showed statistically similar FS and E results for

CQ and BAPO, except for CQ 0.3 wt% (FS), CQ 0.9wt% (E) and BAPO 1.76 wt% (FS and

E) for DMAEMA 0.5 %wt. No significant difference was found for FS and E values for

different concentrations of photoinitiators, except for CQ 0.25 wt% (FS and E) and BAPO

0.25 wt% (E) that showed the lowest values.

Conclusion: The wt% of the photoinitiators and co-initiator influenced the mechanical

properties and the performance of CQ was dependent on the DMAEMA concentration.

BAPO can be used as substitute for the conventional CQ/DMAEMA photoinitiator system.
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Introduction
The resin cements generally contain three main components: fillers (inorganic part),

resin matrix (organic part), and silanization agent.1,2 The fillers are used in resin

cements to provide reduction of polymerization shrinkage, reduction of coefficient

of linear thermal expansion and water sorption. However, with increasing filler

content, compressive, tensile, and flexural strength, elastic modulus, and wear

resistance are generally increased.3 Incorporation of filler into the resin blend

improves aesthetics and material handling.4

The resin matrix also has an important influence on the chemical and physical-

mechanical properties of the cements.5 It consists of methacrylate monomers, such
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as bisphenol A glycidyl methacrylate (BisGMA), triethy-

lene glycol dimethacrylate (TEGDMA), urethane dimetha-

crylate (UDMA), and bisphenol-A-ethoxy-dimethacrylate

(BisEMA).6 Resin cements polymerization can be acti-

vated by light exposure. In this case, it becomes necessary

to add a photoinitiator system to the resin matrix so as to

initiate the process of free radical development and com-

plete the polymerization reaction.7

Based on the mechanism of free radical formation after

light absorption, the system can be classified as Norrish

type I or II. The type I system generates radicals by

fragmentation of the photoinitiator molecule, whereas in

type II the excited state photoinitiators need to interact

with co-initiators, electron and proton donors so that radi-

cals can be generated.8

The photoinitiator system most commonly used in

resin cements is Norrish type II which is formed by the

photoinitiator camphorquinone (CQ) and an amine used as

co-initiator such as dimethylaminoethyl methacrylate

(DMAEMA).9 The CQ is activated by absorption of visi-

ble light between 50 and 500 nm, causing the carbonyl

group to pass from singlet to triplet state. Considering that

the energy of a photon at 468 nm is insufficient to directly

cleave a carbon-based radical initiator, the co-initiator

(DMAEMA) donates hydrogen to generate polymerization

of the material.8 Although this system is generally pre-

ferred, it can compromise procedures such as aesthetics

restorations since the CQ is yellow in color.10 Tertiary

amines tend to react with an acidic group (e.g. phosphoric

acid), undesirably generating the quaternary ammonium

salt or adverse interactions, thus tending to cause disco-

loration depending on the type and concentration of the

amine in the system.11 Furthermore, the CQ and amine are

identified in exudates of resin cements with cytotoxic

effects.6

Bisacylphosphine oxide (BAPO), Norrish type I photo-

initiator, with part of its absorption in the visible spectrum

between 365 and 416 nm, has presented advantages such

as white coloration of the compound thus aiding in the

incident light penetration, and at the same time acting on

increasing the polymerization depth through the resin as it

has a high reactivity, and the use of amine as a co-initiator

being unnecessary in this initiation system.12,13

The quality (mechanical and esthetic properties) of

photoactivated resin cements is directly related to the

characteristics of the polymer matrix3,5 and there are few

studies that have looked at the mechanical properties of

such materials with different initiators/co-initiator types

and concentration, and this question needs clarification.

Thus, the aim of this study was to investigate the influence

of different concentrations of CQ and BAPO (initiator),

and DMAEMA (co-initiator) on the flexural strength (FS)

and elastic modulus (E) of experimental light-cured resin

cements. The hypotheses of the study were that; (i) the CQ

would promote better FS and E values than BAPO; (ii) the

higher concentration of the photoinitiators would improve

the FS and E values.

Materials and methods
Preparation of experimental resin

cements
The resin matrix for resin cements consisted of a combina-

tion of dimethacrylates monomers: BisGMA (50 wt%;

Sigma-Aldrich, St. Louis, MO, USA) and TEGDMA (50

wt%; Sigma-Aldrich, St. Louis, MO, USA). The experi-

mental resin cements were loaded with 50 wt% silanated

(γ-methacryloxypropyl trimethoxysilane) filler: irregular 80

wt% BaAlSi particles with 1.0 μm and 20 wt% SiO2 with

0.04 μm in size. The difference among the experimental

resin cements was the photoinitiator system (CQ or BAPO)

in different wt%. The co-initiator agent was DMAEMA.

For the prevention of spontaneous polymerization of

dimethacrylates, 0.1 wt% BHT was added. Therefore, the

following photoinitiator systems were tested:

CQ (0.1, 0.3, 0.5, 0.7, or 0.9 wt%) and DMAEMA (0, 0.5,

or 1.0 wt%);

BAPO (0.2, 0.7, 1.2, 1.7, or 2.2 wt%) and DMAEMA

(0, 0.5, or 1.0 wt%).

The resin cements were packed in plastic pots wrapped in

an aluminum foil to protect the material from ambient light.

The photoactivation was carried out using a polywave

light-emitting diode (LED, Bluephase, Ivoclar Vivadent;

1200 mW/cm2) maintaining the distance (10 mm) between

LED source and sample using a black cover with circular

hole in the middle.

Sample preparation
Using a teflon master die, addition silicone matrices

(Express, 3M ESPE, St. Paul, MN, USA) with 7.0 mm

length, 2.0 mm width, and 1.0 mm height were made. The

resin cements were inserted in a single increment using a

syringe, covered with a polyester strip and a glass plate

(1.0 mm). The photoactivation was performed for 20 s.
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The materials were inserted into the matrices in a

single increment, over which a polyester strip and a

glass plate were placed to decrease the inhibition of the

polymerization reaction by oxygen in the surface layer.

This procedure prevents the contact of the material with

air, eliminating the layer of unpolymerized resin, in addi-

tion to promote greater surface smoothness. After the

polymerization, the samples were removed from the sili-

con matrix, their bases identified with red pilot pen and

separated by groups and subgroups in individual plastic

eppendorfs.

For each photoactivation, a new strip of polyester was

used in order to prevent changes in light intensity. After

polymerization of each group (n=10), the addition silicone

matrix was replaced thus preventing contamination

between the experimental cements. All samples were care-

fully prepared in an environment with controlled tempera-

ture (25±1°C) and stored for 24 hrs (37°C).

Flexural strength and elastic modulus
The samples were separated from the mold and excess

material was removed using a 1200 grit SiC paper

(Norton SA, São Paulo, SP, Brazil). The dimensions of

specimens were analyzed using a digital caliper

(Absolute Digimatic, Mitutoyo, Tokyo, Japan) and imme-

diately submitted to the three-point bending in universal

testing machine (DL500, EMIC, São José dos Pinhais,

PR, Brazil) using a span of 5 mm and radii of support

rods of 1.2 mm at a crosshead speed of 0.5 mm/min

(Figures 1 and 2). During the flexural strength test, the

software of the universal testing machine calculated the

elastic modulus from the elastic portion of the stress-

strain graph.

Statistical analysis
FS and E distributions of the data were investigated with

the Kolmogorov-Smirnov normality by test. Afterward,

data were statistically evaluated using a two-way analysis

of variance (ANOVA). The means were compared using

Tukey’s test (α=0.05).

Results
The FS results are presented in Table 1. The statistical

analysis showed a statistically significant interaction

between the factors studied (ρ<0.001). Furthermore, sig-

nificant effect was found for initiator (ρ<0.001) and for co-

initiator (ρ<0.001). When the co-initiator (DMAEMA 0)

was not used, the materials containing CQ did not poly-

merize, whereas those containing BAPO polymerized but

did not show statistically significant differences for FS

Figure 1 Specimens positioned on the universal testing machine.

Figure 2 Force applied on the specimen.

Table 1 Means (standard deviations) for flexural strength (MPa)

according to initiator (CQ and BAPO %wt) and co-initiator

(DMAEMA %wt) used

DMAEMA 0 DMAEMA 0.5 DMAEMA 1.0

CQ 0.1 0.0 (0.0) B,b 66.0 (13.3) A,b 68.0 (20.9) A,c

CQ 0.3 0.0 (0.0) C,b 61.4 (27.0) B,b 98.9 (44.1) A,abc

CQ 0.5 0.0 (0.0) B,b 86.7 (36.7) A,ab 101.6 (24.1) A,abc

CQ 0.7 0.0 (0.0) B,b 79.1 (33.4) A,ab 83.5 (46.2) A,bc

CQ 0.9 0.0 (0.0) B,b 77.7 (39.8) A,ab 81.8 (46.5) A,bc

BAPO 0.2 92.3 (28.6) A,a 89.5 (31.1) A,ab 101.4 (27.6) A,abc

BAPO 0.7 90.3 (39.2) A,a 104.3 (25.5) A,a 108.5 (29.7) A,ab

BAPO 1.2 95.8 (42.6) A,a 90.4 (32.0) A,ab 92.1 (35.3) A,abc

BAPO 1.7 102.8 (33.7) AB,a 80.0 (29.0) B,ab 119.7 (40.9) A,a

BAPO 2.2 88.7 (24.9) A,a 83.8 (47.2) A,ab 100.0 (28.8) A,abc

Note: Distinct capital letters in a same row and lowercase letters in a same column

indicate significant differences (ρ<0.05).
Abbreviations: CQ, camphorquinone; BAPO, bisacylphosphine oxide; DMAEMA,

dimethylaminoethyl methacrylate.
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values, regardless of the BAPO concentration. For

DMAEMA 0.5 group, BAPO 0.7 showed FS results higher

than CQ 0.1 and CQ 3 groups (ρ<0.05), while BAPO 1.7

had FS values higher than CQ 0.1, CQ 0.7, and CQ 0.9

cements for DMAEMA 1.0 (ρ<0.05).
No statistical differences were found among co-initia-

tor (DMAEMA) groups regardless the type and %wt of the

initiator used, except for all CQ groups in DMAEMA 0 as

well as CQ 0.3 and BAPO 1.7 for DMAEMA 0.5 groups

that presented the lowest FS values (ρ<0.05).
Table 2 shows the E results. Two-way ANOVA showed a

statistically significant interaction between the factors

(ρ=0.001), and for initiator (ρ<0.001) and co-initiator

(ρ<0.001) tested. For DMAEMA 0 group, the experimental

resin cements containing CQ did not polymerize. On the other

hand, BAPO 1.7 presented E results higher than BAPO 0.2

(ρ<0.001), whereas the other BAPO groups showed inter-

mediate results without statistical difference (ρ=0.328). The

CQ 0.1 group had the lowest E results for both DMAEMA 0.5

and DMAEMA 1.0 groups (ρ<0.001). The highest E values

were found for BAPO 2.2 (DMAEMA 0.5) and BAPO 1.7

(DMAEMA 1.0) groups (ρ<0.001).
In general, all DMAEMA groups presented statistical

similar E values, except for CQ 0.9 and BAPO 1.7

(DMAEMA 0.5) besides all CQ groups (DMAEMA 0)

that showed the lowest E values (ρ<0.001).

Discussion
The first hypothesis was rejected, since the all experimental

resin cements containingCQwithout co-initiator (DMAEMA)

did not polymerize, showing lower FS and E values than

BAPO, corroborating with other studies.14–17 The molecular

structure of the CQ includes an aromatic group which renders

thematerial photoactive;10,18 however, it requires an amine co-

initiator to donate hydrogens and generate a free radical cap-

able of initiating polymerization of the material.8 CQ has a

half-life to react with the monomers and needs an effective

proton donor, since it is a type II photoinitiator.19 When a co-

initiator was added to the mixture (CQ + DMAEMA), an

increase of the FS and E was observed due to the amine acting

as a hydrogen donor that generates free radicals to initiate the

polymerization of this system.20

The CQ groups containing the co-initiator/amine

(DMAEMA 0.5 and DMAEMA 1.0) photopolymerized.

This result was in agreement with other studies that evaluated

the concentration of initiator/co-initiator and concluded that a

1:2 (CQ/DMAEMA) ratio provided the highest degree of

monomer conversion with direct effects on the mechanical

and optical properties of the materials.14,17 When the amine

concentration is lower than that of CQ, spontaneous collision

between the co-initiator and initiator becomes more difficult

because of the low concentrations of amine in the reaction. In

this case, some CQ molecules in the triplet state return to

their original singlet state thus reducing the generation of free

radicals.8,21–23 However, when the amine concentration is

higher than that of CQ, the generation of free radicals will

depend only on the reactivity of the system, since there will

be no collision problems between the CQ and DMAEMA

molecules.21,24,25

Although the BAPO 1.7 group had shown higher FS and

E results in combination with DMAEMA 1.0, this syner-

gism relationship was not verified in other studies.6,26 The

addition of DMAEMA does not lead to a significant

increase in quantum yield or polymerization rate showing

that the co-initiator DMAEMA is unnecessary for the

BAPO photoinitiator. The discrete increase in mechanical

properties could be attributed to the ability of the amine to

reduce the inhibition of polymerization caused by oxygen.

The oxygen dissolved in the monomer can react with the

amine species, forming a peroxide radical which in turn can

react with another amine thus releasing a new free radical.27

The FS and E values did not increase according to the

concentration of the photoinitiator. Thus, the second

hypothesis of this study was rejected. Due to a phenom-

enon known as the inner shielding effect, high concentra-

tions of the CQ can behave in a filter-like manner

preventing light from reaching deeper portions of the

restorations.20,28 This is even more crucial when the

Table 2 Means (standard deviations) for elastic modulus (GPa)

according to initiator (CQ and BAPO %wt) and co-initiator

(DMAEMA %wt) used

DMAEMA 0 DMAEMA 0.5 DMAEMA 1.0

CQ 0.1 0.0 (0.0) B,c 0.71 (0.19) A,c 0.76 (0.25) A,c

CQ 0.3 0.0 (0.0) B,c 0.99 (0.37) A,bc 1.31 (0.60) A,abc

CQ 0.5 0.0 (0.0) B,c 1.00 (0.49) A,bc 1.33 (0.62) A,abc

CQ 0.7 0.0 (0.0) B,c 1.02 (0.46) A,bc 1.07 (0.85) A,bc

CQ 0.9 0.0 (0.0) C,c 0.96 (0.62) B,bc 1.64 (0.69) A,ab

BAPO 0.2 1.00 (0.44) A,b 0.99 (0.42) A,bc 1.23 (0.33) A,bc

BAPO 0.7 1.32 (0.64) A,ab 1.41 (0.64) A,ab 1.39 (0.63) A,ab

BAPO 1.2 1.50 (0.49) A,ab 1.30 (0.49) A,ab 1.30 (0.48) A,abc

BAPO 1.7 1.86 (0.70) A,a 1.20 (0.54) B,abc 1.87 (0.83) A,a

BAPO 2.2 1.31 (0.33) A,ab 1.61 (0.70) A,a 1.65 (0.47) A,ab

Note: Distinct capital letters in a same row and lowercase letters in a same column

indicate significant differences (ρ<0.05).
Abbreviations: CQ, camphorquinone; BAPO, bisacylphosphine oxide; DMAEMA,

dimethylaminoethyl methacrylate.
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average light penetration at 470 nm is already considered

for conventional dental light-curing units.8,12,13

The photoinitiator concentration of a resin-based mate-

rial must be sufficient to allow a satisfactory polymeriza-

tion. An inadequate polymerization affects biocompatibility

due to the release of unreacted monomers.5,8,25 The FS and

E values for different photoinitiators concentrations of the

experimental resin cements evaluated could be explained by

the fact that they allow the generation of similar amount of

free radicals during photoactivation.24 The threshold level

of photoinitiators concentrations used in this study was

selected, since the BisGMA-TEGDMA materials reached

the maximum degree of monomer conversion and low

yellowing effect.8,11,14,15,17,24,25,29 The higher degree of

monomer conversion improved the cohesive forces of the

polymer network formed in experimental resin cements,

which became more rigid to deformation11,13,30 improving

FS and E values.

The groups containing the BAPO photoinitiator

showed the highest values of FS and E, corroborating

with other studies.6,26,31 The BAPO photoinitiator was

able to promote the polymerization alone and thus not

requiring the addition of a co-initiator, because after the

absorption of light energy, the BAPO molecule undergoes

a rupture in the C–P bond passing to the triplet state and

generating two free radicals. This event can occur twice,

having the ability to generate four free radicals per

molecule.6,8 At room temperature, rupture of the second

C–P bond is not a spontaneous process and a second

photon is needed to break this bond. Thus, there are

always two potential radicals (CH3)3PhC•(=O) and

(CH3)3PhC(=O)-(Ph)P•(=O) for each absorbed photon. It

is known that the first radical is 2–6 times less reactive

than the second radical.32

BAPO has a much higher molar extinction coefficient

(870 L/mol cm) than that of CQ (33 L/mol cm).26 In

addition, pure BAPO has quantum yield five times higher

than CQ. This feature directly reflects the rate of polymer-

ization and the electron flux required for the reaction. The

higher the quantum yield, the lower the photon flux

required because the reaction requires the least amount

of energy to occur. Thus, a three times higher photon

energy flux is required for the CQ/DMAEMA system to

initiate the reaction when compared to the BAPO or

BAPO/DAMEMA system.32,33

In addition, the presence of the CQ system in the formu-

lation of the resin materials is related to adverse effects such

as cytotoxicity,6 yellowing,6,29 and reduction of free radical

generation when associated with acid monomers.30 The

emission spectrum of a light source has a strong influence

on polymerization performance especially when different

photoinitiator systems are compared. BAPO has two light

absorption peaks in regions near the ultraviolet, 371 nm and

also 400 nm, although there is also some absorption within

the blue range of the visible spectrum.18 Unlike CQ, BAPO is

activated by smaller wavelengths located in the UV-Vis

region.33 It is expected that LEDs that emit greater spectrum

of light are more effective in the process of polymerization.

However, this evidence may be irrelevant in adhesive sys-

tems containing light-absorbing photoinitiators in a short

wavelength range (400–500 nm), e.g. CQ (absorption peak

468 nm).21 The use of second-generation LEDs improved

degree of monomer conversion results for non-BAPO-asso-

ciated CQ-containing adhesives, whereas third-generation

LEDs provided higher degree of monomer conversion to all

BAPO adhesive systems.34

Additional studies should be conducted in order to approx-

imate the experimental resin cements to a commercially avail-

able one, evaluating the inclusion of alternative photoinitiators

and the possibility of synergism between them in themonomer

composition. The information obtained here has clinical rele-

vance, since they indicate that the manipulation of the con-

centration of the photoinitiators can significantly increase the

mechanical properties of the resin composite.
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