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Summary

Summary

In modern dentistry, resin-based composites are about to definitely replace
mercury amalgams in direct restorations, notably due to the clear aesthetic interest of
tooth-like composites. However, authors have highlighted that the longevity of
composite restorations is very dependent on the operator, which includes not only
technical skills but also the respect of the material specificities, notably its light-
responsive setting process. Therefore, the aim of the present work was to improve the
understanding of the photopolymerization reaction of dimethacrylate-based dental

resins and to develop strategies to improve this process.

To start with, a global reflection was conducted on the theoretical aspects of
photopolymerization reaction of dimethacrylate-based resins. Notably, the emphasis
was put on the incomplete conversion of such resins and the associated persistence in
the polymer network of unconverted monomers and trapped free radicals. The kinetics
of decay of the latter was then analyzed by Electron Paramagnetic Resonance, which
firstly confirmed the identification of two distinct radical species with different
reactivity, and secondly highlighted the oxygen-dependance of free radicals long-term
decay. Finally, the use of spin-trapping methods produced evidence of hydroxyl radical
release by dental resins, which is probably due to the reaction of oxygen with the

remaining methacrylate groups.

As it appears that leaching of both free radicals and unconverted monomers
are linked with the incomplete conversion of dimethacrylate-based resins, clinical
procedures must be adapted appropriately to limit the amount of unconverted double
bonds. Consequently, the second part of this thesis dealt with the two main ways to
reach this goal: first, the use of a material containing a lower dimethacrylate fraction,
second the adaptation of irradiation conditions in order to reach an optimal material
conversion. Regarding the first method, the mechanical properties and filler fractions of
different composite technologies were compared (ring-opening systems, ormocers and
highly filled composites) and clinical guidelines were proposed for the use of each
material. The second method focused on the evaluation of curing efficiency of new LED
curing lights as well as their safety in terms of temperature rise in the pulp chamber. The

results stressed the extreme importance of spectrum correspondence between light



Summary
emission spectrum and absorption spectrum of the photoinitiating system. Besides, new

LED lights were also shown to enable a certain reduction of curing time.

Finally, the last part of this work was devoted to a frequent subject of debate in
the photopolymerization of dental resin-based materials, i.e. applicability of the so-
called Exposure Reciprocity Law, supporting the decrease of irradiation time by a
proportional increase of irradiance. Again, the use of Electron Paramagnetic Resonance
was very profitable, as it enabled to improve the understanding of the termination
pathway through the measurement of trapped free radicals. Besides, the influence of
photoinitiator type and filler content on the validity of this law were also investigated.
These experiments revealed notably the very high curing efficiency of Lucirin-TPO,
and underlined the impact of resin viscosity and filler content on the curing kinetics of
Camphorquinone-based materials. These innovative approaches open the door to many

other projects.
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Introduction

1.1. Context

In 2010, no scientific evidence exists to prove that dental amalgam is
responsible for any harmful effect, either for patient, for practitioner or for the
environment. According to Jones (2008), mercury pollution from dentistry is
insignificant compared with that from industrial use and natural sources. It was also
stated that that banning "dental amalgam" is a political issue that will have no impact on
total worldwide mercury pollution. However, throughout the last few years, a significant
drift from mercury amalgam to resin composite has been observed. In Finland, a survey
revealed that in 1997 dentists already used preferentially resin composites (74.9 %)
compared to amalgam (4.8 %) for their restorations (Forss and Widstrom, 2001). In
2005 in the USA, resin composite was the material used most commonly for posterior
restorations (Haj-Ali et al., 2005). In England, the change from mercury amalgams to
resin-based composites is nicely highlighted by two studies. In 2001, 49 % of
questioned dentists in England rarely or never used resin composites for posterior
restorations (Burke et al., 2003). 70 % of them even stated that the stop of amalgam
would restrict the dentists ability to adequately treat patients. On the opposite, in 2007,
i.e. only 6 years later, the majority of the english dentists questioned affirmed that they
place regularly extended resin-composites restorations on posterior teeth (Gilmour et
al., 2007). As for the most important factor they considered for their choice, the same
trend can be observed in both papers (Burke et al., 2001; Gilmour et al., 2007): clinical
indication (100 % in 2003, majority in 2009), esthetic demand of the patient (99 % in
2003, 89 % in 2009), choice of the patient (95 % in 2003, 78 % in 2009). Financial
situation of patient (92 % in 2003) and preference of the dentist for one material (76 %

in 2009) were not common to both studies.

Patient-related criteria, guided by the race for esthetics, and global scare
campaigns regarding mercury, spread by lobbies and media, certainly played an
important part in the composite success. But these criteria are not really scientifically-
based, so what about clinical indications? Whereas «clinical indication» was revealed
by both papers as the most important choice-factor, 61 % of the dentists questioned in
2009 report a decrease of amalgam use over the last 5 years, and 75 % of them an
increase of resin-composite placement. Would this mean that the clinical indications

have changed? Or that the materials have evolved?
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A very interesting statistical analysis of clinical studies between 1998 and
2007 for posterior restorations was presented by Hickel at the 2008 ADM meeting. His
results for studies longer than 2 years revealed a mean annual failure rate of 1.5 % for
amalgam (10 studies) and 2.2 % for resin composite restorations (46 studies).
Considering only long-term studies (> 10 years), the mean annual failure rate was 1.4 %
for amalgam (4 studies) and 1.9 % for composite restorations (13 studies). As
mentioned by the author, the studies differ in terms of study designs and evaluation
criteria and the results should therefore be considered with caution. Though, the general
trend is interesting and shows that over a 10 year period, both materials seem to present
clinically sufficient results. Unfortunately, few papers compare both materials in the
same study. In the few works doing so, the annual failure rates reported for amalgams
and composites were respectively 0.6 and 0.7 % for Mair ef al. (1998), 1.8 and 1.9 %
for Van Nieuwenhuysen et al. (2003), 2.1 and 1.8 % for Opdam et al. (2007). These
results seem to highlight that a comparable longevity between amalgam and resin
composite can be achieved. Only on a very long term follow-up period were amalgam
and composites longevity distinguished. Over a 17 year observation period, Van
Nieuwenhuysen et al. (2003) indeed reported a median survival time of 12.8 years for
amalgam and 7.8 years for composites. However, in the latter three considered studies
(Mair et al., 1998; Van Nieuwenhuysen et al., 2003; Opdam et al., 2007), it must be
stressed that the restoration were performed by only one or two well-informed and
experienced practitioners. On the contrary, in a very recent study in Sweden
(Sunnegardh-Gronberg et al., 2009), the data came from 99 salaried dentists from
Public Dental Health clinics (n = 2834). The longevity for amalgam restorations was
higher than the one reported by Van Nieuwenhuysen et al. (2003) (16 years compared to
12.8) but the longevity of composites was lower, i.e. 6 years compared to 7.8.
Interestingly, composite restorations showed a significantly increased longevity when
performed by more experienced operators (Sunnegirdh-Gronberg et al., 2009). This
emphasizes that longevity of composite restorations might be more influenced by the
operator skills than amalgam restorations. Operator skills not only relates to the
technical ability of the practitioners, but also to a great extent to the «proper use» of
resin composites, which implies the knowledge of the material characteristics and the
comprehensive understanding of its specificity. In the same way, different reasons for

failure between amalgam and composites were reported by Hickel in his review
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(considering all studies longer than 2 years): for amalgam, tooth fractures (28 %)
prevail on secondary caries (20.9 %), restoration loss (20.8 %), restoration fractures (15
%) and endodontic reasons (7.9 %); for composites, filling fractures (23.8 %) prevail on
secondary caries (20.7 %), restoration loss (17.2 %), tooth fractures (9.4%), marginal
adaptation (8.4 %), endodontic reasons (6.2 %) and hyper-sensitivities (4.8 %) (Hickel,
2008). It must be underlined that some reasons for failure are relatively specific to
composites, 1.e. marginal adaptation and hypersensitivity. Hence, these results highlight
that the strategies to improve survival rates of composites must be designed according
to the material particular characteristics. Notably, a major specificity of current
composites is certainly their light-responsive setting process. Photopolymerization
reaction of resin-composites is indeed complex and dentists need to take into account
numerous factors to optimize the material performance. This leads the practitioners to
numerous practical interrogations: What is currently the «best» choice of curing light?
What is the appropriate choice among new photopolymerizable composites? What is the
impact of alternative photoinitiators included in some composite formulations? Are
photocuring procedures safe in terms of pulpal temperature rise? What are the optimal
irradiation parameters? To what extent can the irradiation time be reduced thanks to an
increase in irradiance? What are the potentially cytotoxic substances in

photopolymerizable composites and how is it possible to limit their amount?

To sum up, this thesis will present fundamental research explanations and new
findings in order to help answer these clinical issues that may rise when using
photopolymerizable resin composites for a tooth restoration. The answers will revolve
around the photopolymerization reaction and will be based on literature data completed

with the new results obtained in this thesis.

«Photopolymerization» describes the conversion of a liquid monomer into a
solid polymer under the action of light. Therefore, as underlined by the word itself, two
different elements must be considered: the photo-responsive material (photo-
POLYMERIization) and the photon-emitting device (PHOTO-polymerization). Hence,
in the next part of the introduction (1.2.), the constituents of the material will be
described as well as the way they interact with light. Then, in the last part of the
introduction (1.3.), the different lights-curing units that have been or are available for

dentists will be reviewed, highlighting their respective strong and weak points.
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1.2. Photopolvmerizable dimethacrylate-based materials used in dentistr

Several kinds of materials available in dentistry contain photopolymerizable

dimethacrylates: some adhesives and luting [ Y — W
cements, resin-modified glass ionomers, | ' :
compomers, and especially resin-based
composites. The photopolymerization
reaction occurs in the dimethacrylate-based
organic matrix of the latter (Fig. 1), which
will therefore be the central point of this
thesis. Apart from resin, composites also

contain different proportions of inorganic

fillers, and a coupling agent («silane»)

) . Figure | - TEM image of resin-based composite and
enabling the bonding between fillers and its components

resin (Fig. 1).

Organic matrix represents 25 to 50 vol% of the composite (12 to 40 mass%),
and contains mainly monomers, but also photoinitiators in combination with co-
intitiators, some inhibitors and pigments. Apart from minor exceptions (ring opening
system Silorane®, 3M-Espe), the organic matrix is generally composed of
dimethacrylate monomers. They differ from each other by the intermediate chain
between two methacrylate groups (Fig. 2) and this intermediate chain determines their

specificity. Bis-GMA

. e (bisphenol A glycidyl
BIS_G MA [/A\ur— <§:4>»— | 4/_:/\ 0N . )
on I b on dimethacrylate) is a heavy
o molecule (512 g/mol) with
\/(\,\V\l‘lﬁ‘;x\(lh ~"y /\ A~ . L
UDMA 8 o two aromatic groups, giving

to the molecule a high
TEGDMA ,\/\ ﬂ rigidity. It was introduced
by Bowen in 1962 to reduce

Figure 2 - Formulation of main monomers composing resin-based polymerization shrinkage
dental composites. Methacrylate-groups are circled in grey.

by reducing the amount of
double bonds per volume unit. Bis-GMA is still today widely used in most

commercially-available composites. Given its glass transition temperature (T = -7.7°C
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- Sideridou et al., 2002), which is slightly below room temperature, Bis-GMA 1is highly
viscous at room temperature, and cannot be used as such, especially considering the
necessity to incorporate large amounts of inorganic fillers. Therefore, it must be diluted
with low-molecular weight monomers, i.e. in most cases TEGDMA (triethylene glycol
dimethacrylate; 286 g/mol; Ty = -83.4°C), which lead to higher conversion values due to
their lower T, and thus lower viscosity (Shobha et al, 1996). UDMA (urethane
dimethacrylate; Ty = -35.3°C) was also proposed as an alternative to Bis-GMA. Its
intermediate molecular weight (470 g/mol) and more flexible intermediate chain confers
more elasticity to the molecules, and therefore less viscosity to the resin compared to
Bis-GMA. In this thesis, while UDMA can be found in several commercial
formulations, a Bis-GMA / TEGDMA mix was chosen for experimental materials, in

order to limit the variables.

In order to be converted from a liquid or paste into a solid, photoinitiator
molecules present in the material have to absorb a certain amount of radiation energy E
= hv (h being the Planck’s constant and v the frequency of the radiation), i.e. a photon of
specific wavelength. Then, a free radical can be created (Re in Fig. 3), thereby initiating
the polymerization'. Currently, the most commonly used photoinitiator is a diketone -
camphorquinone (CQ) - combined with a tertiary amine called co-initiator. Dimethyl
amino-ethyl methacrylate (DMAEMA) and various other co-initiators have been
investigated, but it is difficult to know which ones are used in commercial materials as
manufacturers rarely divulge their photoinitiator systems. The «classical» CQ-amine
system absorbs specifically blue light, i.e. roughly between 400 and 500 nm, with a
peak of maximum absorption at 470 nm. While an increase of CQ concentration leads to
an improvement of mechanical properties, this effect is limited. Above a certain value,
generally between 0.5 and 1 mass% of the organic matrix, no further improvement is
observed. On the opposite, the depth of cure decreases due to excessive absorption in
the upper layers of the material (Schroeder et al., 2008). Besides, excessive amounts of
CQ also lead to a yellowish aspect to the material. Taira et al. (1988) found that CQ
concentration in commercial composites ranged from 0.17 to 1.03 mass%. As for the
tertiary amine, an improvement of the degree of cure was observed at higher

concentrations but it also produced more yellowing of the resin composites (Schneider

' The initiation mechanism will be described more in details later (2.1.1.).
7
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et al., 2009). A ratio of one to three times the concentration of CQ is generally used

(Yoshida and Greener, 1993).

Reflection  Refraction Scattering  Absorption

Figure 3 - Possible interactions of light (hv) with a resin-based composite. Light grey shade represents the
organic matrix, white spots photoinitiator or pigment molecules, and dark grey polygonal shapes the
inorganic fillers. Re stands for radical species, and T° for temperature rise.

Apart from CQ/amine systems, alternative photoinitiating systems appeared
during the last few years, mostly due to the increasing popularity of whitening
techniques. To restore whitened teeth, extremely white composite shades had to be
developed. However, it was difficult to obtain due to the yellowish aspect of CQ
powder. Therefore, other photoinitiating systems were incorporated into «bleach» shade
composites, such as phenyl propane dione (PPD) or monoacylphosphine oxide (or
Lucirin-TPO®). Besides aesthetic reasons, Lucirin is also used to improve the curing
efficiency and curing depth. The use of 2 PIs, one with lower molar absorptivity (i.e.
CQ) and another with higher absorptivity with maximum absorption at a different
wavelength (i.e. Lucirin) can lead to more effective curing through depth, probably due
to the broadening of the absorption spectrum, so that more photons are absorbed
(Neumann et al, 2008). However, lower quantum yields were measured for
polymerization initiated by a mixture of L and CQ compared to systems in which L was
used alone, probably due to a transfer from the more efficient photoinitiator (L) to the
less efficient one (CQ). But besides these aspects, practitioners should keep in mind that
the alternative photoinitiators absorb in other wavelength ranges than CQ. As a result,
they should be aware of potential incompatibility between emission spectra of some

curing lights and material absorption spectra, which could lead to insufficient
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polymerization?. Unfortunately, information on commercial composite absorption

spectrum is rarely communicated by manufacturers.

Then, it must also be pointed out that free radical generation by CQ/amine
systems is not fully efficient. The number of converted photoinitators by absorbed
photons - called the quantum yield (®) - equals to 0.07 in a 50/50 mass% Bis-GMA/
TEGDMA mixture, which means that 14 photons must be absorbed to create one free
radical (Chen et al., 2007). Hence, a certain proportion of photons is absorbed without
resulting in radical production. In the same way, photons can be absorbed by pigments.
In these cases, the emitted radiation will be transformed into thermal energy (T° in Fig.
3). Other factors than absorption can also prevent light from penetrating deep into the
material. A part of the light can indeed be reflected, and photons can also be scattered
by inorganic fillers. It has little impact on thin and slightly filled materials such as
adhesives, but is a major issue in the case of highly filled composites in thick layers. At
a depth of 2 mm, the initial light intensity is indeed reduced by 10—100 times (Phillips,
1991) depending on filler content, light supply and color of the material (Caughman et
al., 1991). It is generally admitted that maximum thickness of each composite layer
should not exceed 2 mm (Van Noort, 1994; Pollington et al., 2009; Leprince et al.,
2010a - Chapter 5). Consequently, deep restorations such as class I have to be build up
in several layers («increments») photopolymerized separately, ideally each layer during
40 seconds irradiation. However, in case of large tissue loss, multi-increment resin
composite restorations is time consuming and there is a clear demand for reduction in
chairside procedure times. Some parts of this thesis will present current and new
strategies to reduce curing time of each composite layer and other parts will address

consequences of composite under-cure.

2This will be addressed in Section 2.2.2.
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1.3. Light-curing systems3

1.3.1. Historical background

Photopolymerization of dental composites appeared in the early 1970s
(Buonocore, 1970; Rock, 1974). This represented a significant breakthrough compared
to auto-polymerizable resin-based materials, with major improvements such as single
paste system requiring no mixing - thereby leading to lower air inclusion in the material
- control of working time, reduction of setting time, and higher filler content. However,
at that time, the light used to activate the polymerization was ultraviolet (A = 365 nm,
Fig. 4), which presented serious drawbacks. First, the safety aspects related to the use of
UV-light were a source of concern for both patients (oral tissue damage) and
practitioners (eye injury). Second, there was a serious limitation of the depth of cure of
UV-light activated composites, due to increased scattering of shorter wavelengths of
light (Cook, 1980). Then, practical problems were also reported, mainly concerning the
short life-time of bulbs and the related progressive degradation of light irradiance.
Altogether, these aspects led in the 1980s to the replacement of UV-light by «visible»

light curing units (LCUs), which are still in use today.

< E=hv=h/A
0.000l nrm 00! nm |0 nm 000 nm 00lem I cm I m 100 m
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Figure 4 - visible light spectrum compared to global electromagnetic spectrum.

3 Please note that some of the information below comes from a presentation that | wrote for dental
practitioners, which | presented several times during my Ph.D. for continuous education courses. Besides,
some of it was also used to write a chapter of the french Medico-Surgical Encyclopedia (EMC) entitled
«Polymers and Resin-based Composites.
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1.3.2. Technologies of visible light-curing units
1.3.2.1. Quartz-tungsten Halogen (QTH) curing lights

QTH curing lights were the first visible light curing systems available in
dentistry. The bulb of this kind of light is made of a tungsten filament, sealed into a
quartz envelope filled with an inert gas and a small amount of halogen (iodine, bromide
or chloride). The flow of electric current through the filament heats it up to high
temperatures so that it produces a continuous spectrum of white light, from near UV to
infrared. However, as only blue light is useful to initiate polymerization, filters are used
to get rid of light wavelengths above 500 nm and below 380 nm. Consequently, less
than 1 % of the energy is delivered as light, most of it forms heat. This waste of energy
constitutes the major drawback of halogen lights. First, heat generation leads to
degradation of the filament over time, resulting in a progressive decline of light
irradiance. To limit this decline, fans are integrated into the light-gun to cool down the
bulb. Nevertheless, QTH lights require regular control of their irradiance, using a hand-
held radiometer, and replacement of the bulb is frequently necessary (lifetime between
30 and 80 hours). For example, Barghi ef al. (1994) found that 45 % of LCUs in 122 US
dental offices had outputs below 300 mW/cm?, which is generally considered as the
minimum acceptable irradiance (Caughman et al., 1995). The second important
drawback of QTH lights, also related to high energy consumption, is the necessity to be
plugged to commercial power supply. Hence, it prevents the use of batteries, and the
units are generally quite bulky. This is reinforced by the presence of a fan, which is also
noisy and requires slits that are difficult to clean. Despite these disadvantages, QTH
LCUs are well-proven and are still today considered as a reference. Their spectrum is
broad, which makes them efficient on all photoinitiators in commercial materials. They
are also relatively low-cost, both on initial purchase and replacement of bulbs. The
irradiance of halogen lights ranges from 300 to 800 mW/cm? for conventional systems,
and from 800 to 1200 mW/cm? for the so-called «fast-curing» halogen lights. Besides,
some units present a «turbo-tip», i.e. light guide whose exit diameter is smaller than the
entrance diameter in order to concentrate light and locally increase irradiance. The pros

and cons of this kind of tip will be addressed below (1.3.4.).

The increase in irradiance of LCUs was initiated in order to reduce curing time

of each composite layer. This kind of strategy will lead to the development of Plasma
11
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Arc Curing lights (PAC), laser lights and more recently high-power Light-emitting
Diodes (LEDs). The interest and limitations of high irradiance curing protocols will be

an important part of this thesis, and only the technical aspects are briefly evoked here.
1.3.2.2. Plasma-arc curing lights (PAC)

The light source of these systems is an electric arc produced between two
electrodes separated by xenon gas. It produces a very intense white light, which requires
light filters similar to QTH lights. With PAC technology, irradiation times as short as 3
s were supposedly sufficient to cure each composite layer. Besides, lower shrinkage
values were reported. However, 10 s or even longer irradiation times were in fact
necessary (Feng ef al., 2009) and the lower shrinkage reported for shorter times was
actually related to a lower conversion of the material. In addition, this system is not
convenient as it is very bulky, requires large power supply and presents a rigid and thick

cord between light source and the tip. Above all, PAC lights are very expensive.
1.3.2.3. Argon Lasers

These systems are based on a laser produced by energy transitions of excited
gas ions. The pros and cons of these LCUs are globally very similar to PAC lights.
Argon lasers are indeed little convenient for the same reasons as PAC LCUs, and also
for the narrowness of their light beam. They are extremely expensive, and their only

interesting feature is the very low light dispersion over distance.
1.3.2.4. Light-emitting Diodes (LED)

This constitutes the newest and most popular technology. LEDs use junctions
of doped semiconductors transforming electric energy directly into light. They emit a
narrow light peak directly in the blue area of the visible spectrum, centered on the peak
of maximum absorption of the main composite photoinitiator, CQ. Consequently,
irradiation efficiency of these lights is increased compared to broad spectrum QTH
lights (Neumann et al., 2006) and filters are no longer necessary. This results in much
lower power consumption, enabling the use of batteries, which led to significant
ergonomic improvement (Antonson et al., 2008). Then, as energy generated is not in the

form of heat, the diodes have a much longer lifetime than other systems (thousands of

12
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hours) (Dunn and Bush, 2002). Besides, light irradiance is very stable over time as long

as batteries are full.

However, despite these interesting characteristics, the first generation of LED
LCU did not meet with general approval. A large number of diodes was indeed required
to reach quite low irradiance - around 300 mW/cm?. Moreover, notwithstanding
interesting reports of lower temperature rise and lower shrinkage, it then seemed that
these results were due to their low irradiance, responsible for lower polymerization
efficiency. Actually, when temperature rise is measured for LED and QTH curing units
at the same irradiance, previous findings that LED curing units induce less temperature
rise are not true in general; temperature rise is indeed mainly related to the irradiance
(Asmussen and Peutzfeld, 2005). More recently, new diodes were created, reaching
much higher irradiance, i.e. currently higher than 1500 mW/cm?. This so-called second
generation of LED lights has been shown to generate material properties comparable to
QTH lights (Shortall, 2005; Soh et al., 2004). Though, it must be pointed out that the
high irradiance of new diodes led to the reappearance of cooling devices, which are
however smaller and better-adapted than QTH fans. LED lights are now increasingly
used by practitioners (Antonson et al., 2008), notably due to their potential to reduce
irradiation time without significant loss of mechanical properties (Yap and Soh, 2005;
Schattenberg et al., 2008). This potential mostly results from the narrower light peak of
LEDs, which is better centered on the peak of maximum absorption of CQ.
Nevertheless, with the introduction of new photoinitiators in some commercial
composites, the narrow spectrum of blue LED lights, initially recognized as an asset,
can become a problem because of spectrum mismatch (Price and Felix, 2009). To
overcome this problem, the so-called “third generation” of LED LCUs was created,
combining two different light peaks, a blue one (470 nm) and a violet one (400 nm).
Initial results achieved with these lights have been promising, being similar to or better
than those achieved with 2" generation LED LCUs (Price ef al., 2006; Leprince et al.,
2010b - Chapter 6).

1.3.3. Which technology should a dentist choose?

QTH and LED lights are obviously the most valuable technologies, as they are
both clinically validated and affordable. However, LED lights present several practical

advantages over QTH lights: potential to some curing time reduction thanks to greater
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effective irradiance, batteries, better emission consistency, longer lifetime of diodes,
smaller and more convenient layout. The development of LED lights emitting several
peaks in various wavelength ranges (LED 3™ generation) reduces the risk of spectrum
mismatch (Leprince ez al., 2010b - Chapter 6). The creation of high irradiance diodes
definitely gives the preference to LED technology compared to PAC and lasers, which
are much less convenient to use and much more expensive. Nevertheless, the possibility
to achieve very high irradiance should not directly result in their routine use. The

interest and limitations of very high irradiance will be addressed later in this thesis.
1.3.4. Practical aspects

Here are some practical aspects dental practitioners should also be aware of.
To start with, there are different types of light guide tips: different diameters, regular

and «turboy» tips and diodes directly exposed behind a transparent cover (Fig. 5). The

‘ Figure 5 - Different light guides available; a) and b) are turbo tips, ) is the regular light
guide and d) presents the diodes directly behind a simple transparent cover.

size and shape of the light exit can have important impact on the irradiance received by
the material and its distribution across the surface. Vandewalle et al. (2005 and 2008)
reported a greater light dispersion with turbo tips and diodes directly exposed, which
leads to less uniform polymerization in case of large surface restorations. Moreover, it
also leads to a higher decrease of irradiance with increasing material-tip distance,
resulting in decreasing polymerization efficiency in depth. Therefore, regular tips with
constant diameter should be preferred. It must also be mentioned that turbo tip were
introduced to increase the irradiance directly at the exit of the tip - as irradiance is

reported to the surface (mW/cm?), it increases if the surface is reduced. However, the
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irradiance of sources has become so high that the use of turbo tips to benefit from an

additional increase is no longer justified, given the associated drawbacks cited above.

Then, another important drawback of some LED lights must be pointed out:
the variability between manufacturer irradiance specifications and actual irradiance. For
some lights, the mean measured irradiance is less than half the pretended value (Ernst et
al., 2006; ADA, 2006). As a matter of fact, it is more expensive for LCU manufacturers
to ask their diode supplier for an accurate selection of diodes of the desired irradiance.
As the appropriate irradiation time depends on the irradiance, dentists should ideally be
able to verify the real irradiance of the LCU before purchase, which is unfortunately

difficult, notably due to the little reliability of hand-held radiometers.

Last but not least, safety aspects related to the use of curing lights must be
addressed. While concerns were clearly raised for UV-lights in the 1970s, UV diodes
have now reappeared in 3" generation LED units, which should certainly be considered
on a safety point of view. Moreover, the potential damage by high irradiance visible
LCUs to patients oral tissues and to dentist eyes are too often neglected. As already
stated by Van Noort in 1994, the term «visible» light gives a feeling of safety because it
is something that people are exposed to all the time. But blue light is not as safe as it
might be thought. First, on a dentist point of view, hight intensity blue light can have a
harmful effect on retina, due to «blue light hazard». Though blue light is less energetic
than UV (Fig. 4), the use of very high irradiance combined with specific sensitivity of
certain photoreceptors can certainly be harmful to retinal cells. Hence, dentists should
request efficient and large shields for their curing unit. Then, concerning oral tissues of
patients, the damage potential of UV light to skin is well-known. Contrary to more
energetic radiations UVB (315 nm - 280 nm) and UVC (280 nm - 100 nm), which can
directly damage DNA, the wavelengths used in dentistry (UVA - 400 nm to 315 nm) are
usually associated with indirect DNA damage through creation of reactive oxygen
species. Apart from UV light, there is also some evidence of cellular function disruption
of fibroblasts in vivo under the action of visible dental curing lights (Wataha et al.,
2004; Hwang et al., 2008). The identity of blue light targets that mediate the cell
changes are unclear, but it seems to be linked with creation of reactive oxygen species
(Omata et al., 2006), possibly due to a thermal effect. Moreover, the effect is radiant

energy dependent (Wataha et al., 2004), which underlines the importance to optimize
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irradiance and exposure time. It also highlights another interest of using a rubber dam

during composite restoration procedures.
1.3.5. Conclusions

These different considerations can help dentists to choose the best light curing
unit available. They should go for a LED light, for its convenience and efficiency, and
favor regular light guides. QTH lights remain a valuable technology for those who do
not care about their less convenient aspects, but the irradiance of these lights needs to be
checked regularly. But besides the choice of light technology, uncertainties remain
regarding the irradiance and curing time that should be used. In particular, the potential
of high irradiance to enable curing time reduction needs to be addressed and will be one
main topic in the present thesis. Moreover, another point that is not clear is the spectral
correspondence between emission and absorption spectra. As explained above, the
evolution of curing light spectrum started in the UV, then moved to a broad visible
spectrum (QTH lights), then to a narrow blue peak (1%t and 2" generations LED lights).
Now, emission spectra tend to broaden again (3™ generation LEDs), and near-UV
wavelengths reappear. Such back-and-forth changes can certainly confuse dentists.
Therefore, the latter need information on the efficiency of recent curing lights to cure
materials containing new photoinitiators. This will be another main topic of this thesis.
But in order to properly address these subjects, deep understanding of the
photopolymerization reaction is necessary. Therefore, theoretical aspects will also be
summarized in this work, and completed with new results obtained with innovative

methods.
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Literature Review and Major Findings

Foreword

During this PhD, several experimental projects were conducted to answer
specific questions regarding photopolymerizable dimethacrylate-based dental materials.
What is the fate of trapped free radicals? Are free radicals released by dental resins?
What are the mechanical properties of new low-shrinkage composites? How efficient
are new LED-lights? Are the latter capable of inducing pulp over-heating? Why is the
positive effect of increased irradiance limited? Could new photoinitiators enable curing

time reduction? The answers will be subsequently presented in chapters from 3 to 8.

At first sight, these different topics might seem somewhat disjointed. However,
they are strongly connected together. Besides experimental projects, a global work of
reflection was indeed conducted to understand the factors and principles governing
photopolymerization reaction of dental resins. This work pointed out areas of the
literature that needed clarification or development, and the experimental projects
partially of totally filled in the blanks. Consequently, instead of presenting a mere
summary of my main results, I wished to integrate them into a sort of literature review,

which will be structured as follows.

1 will first present my vision of the theoretical aspects of photopolymerization
reaction. The accent will be placed on the specificity of polymers used for dental
restoration, and on the potential consequences of their particular characteristics

regarding their clinical use.

Secondly, more clinically connected aspects will be considered. Indeed, while
very interesting on a researchers point of view, theoretical characteristics of
polymerization reaction lack to give clinicians guidelines and practical information
connected to their daily practice. Hence, it was of prime interest to investigate new
commercially available composites and light curing units. These works on commercial
products - connected to clinician concerns - led to new fundamental research projects
by highlighting areas requiring further understanding and by giving birth to new ideas

of material development.

The third part of this review will present innovative approaches dealing with a

frequent subject of debate in the photopolymerization of dental resin-based materials,
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i.e. the applicability of the so-called Exposure Reciprocity Law, supporting the decrease

of irradiation time by a proportional increase of irradiance.

Finally, I will put forward points of interest from the perspective of future

research.

2.1. Theoretical aspects of photopolvmerization reaction

2.1.1. Basics of photo-induced radical polymerization reaction

Basically, a polymerization process is a chemical reaction during which
monomers connect to form polymers. But this reaction needs to be triggered. In the
case of photosensitive dimethacrylate-based dental resins, free radicals generated by

irradiation of a light-sensitive initiator open the double bonds at both ends of the

Photon —> CQ \, <T> A s
Propagation

;\;\ (1) %if 2) VAK/C/(@) A o
A D — . (7> . (T’ S VW

S~
583
%/ALE)i/\é
Termlnatuon

R

Figure 6 - Schematic representation of the 3 steps of photopolymerization reaction. CQ stands for
Camphorquinone, A for a tertiary amine. ¢ indicates a radical species. (1), (2), (3) and (n) represent the
theoretical steps of linear monomer addition. n and m stand for a large amount of monomer units.

A trapped radical is illustrated in the termnation section and segmental mobility is represented by a twisting
grey arrow. A double grey arrow indicates radicals about to react together (bimolecular termination).
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monomers, generating a cross-linking polymerization. Photopolymerization 1is
classically described into 3 steps: initiation, propagation and termination, schematically

represented in Fig. 6.

During the initiation, a free radical is generated through the activation of a
photosensitive molecule by a photon of specific wavelength. In the case of dental
composites, the most commonly used photoinitiating system is a combination of a
photosensitive diketone, i.e. camphorquinone (CQ), with an electron donor called co-
initiator, generally a tertiary amine. Other photoinitiators recently appeared in the dental
composites, but they will be treated later in this work. After its interaction with a photon
of specific wavelength (maximum efficiency at 467 nm), the excited ketone takes an

electron from the tertiary amine inside an excited complex (or «exciplex») (Fig. 7a-b).

Then, H' is transferred from A to CQ (Fig. 7c-d), resulting in the creation of two free

radicals: A" and CQH" (Fig. 7e). The latter is not an efficient initiator and dimerizes

(Fig. 7f) (Cook, 1992; Jakubiak et al., 2003), while the former is very reactive and is
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Figure 7 - First step of initiation and camphorquinone terminaison: a) light excitement of camphorquinone,
b) camphorquinone reaction with tertiary amine, c) formation of an activated complex, d) rearrangements
in the activated complex, e) creation of two kinds of radicals, f) two kinds of camphorquinone
terminaisons. (Truffier-Boutry et al., 2003)
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generally considered as responsible for initiating the polymerization. It indeed quickly
reacts with a nearby monomer, opening its C=C bond. Then follows a chain reaction,
the propagation, by which the monomer grows by repetition of this C=C opening by the
radical and addition of a large number of monomer units one after the other. The
polymer can either grow linearly by reaction with monomers (Schematically
represented in Fig. 6, reactions 1, 2, 3, n), leaving pendant double bonds, or react with
another growing polymer chain, creating cross-links (Fig. 6). The addition of
supplementary units continues until free radicals react with each other to form a stable
covalent link through bimolecular termination reaction (Fig. 6). The latter can occur

either by recombination (combination of two free radicals) or by dismutation (transfer
of H® with production of an unsaturated bond on one of both chains, and a saturated one

on the other). However, bimolecular termination can only occur until the molecular
mobility is high enough for species to meet. But as will be described below, the
network builds up so quickly that all the radicals are not able to encounter other
radicals. Radical growth centers add as much monomers as allowed by the system
mobility, which is quickly decreasing. When no further addition is possible, they
become trapped, which is referred to as monomolecular termination*. Note that these
three steps, initiation - propagation - termination, are described separately for more
clarity, but they all occur simultaneously throughout all the polymerization reaction.
Only the relative importance of each one will vary with time, as will be described

further.

The extent of polymerization can be quantified by comparing the initial
amount of double bonds to the final one. This ratio, expressed in %, is called degree of

(C = C)Final

. When this
(C= C)Inizial

conversion (DC) and can be calculated as follows: DC =1—

DC is represented as a function of time, the slope of the curve represents the speed of

the reaction, called rate of polymerization (Rp). DC can be directly measured by

4This designation of «monomolecular termination» can be found in numerous polymer-related publications,
notably Decker and Elzaouk (1995) and Andrzejewska (2001). For that reason, it will be used in the present
work to describe the situation when, in contrast to «bimolecular terminationy, free radicals become inactive
by immobilization in the polymer network due to the increasing viscosity. However; it is worth mentioning
that this designation is somehow inappropriate as the free radicals that become trapped do not really
terminate, as they still exist within the network. Moreover; if the mobility of the system increases (swelling by
solvents, temperature increase, etc.), they regain the capacity to react with remaining double bonds and
continue the reaction. Hence, one can find more accurate to talk about «radical immobilization» or «radical
entrapment.
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spectroscopic methods such as Raman (Pianelli et al., 1999) or Fourier Transformed
Infrared (FTIR - Mid IR or Near IR) spectroscopy and its value generally ranges from
35% to 77% (Schmalz and Arenholt-Bindslev, 2009) depending if unfilled or filled
resins are considered. DC is a very important characteristics of the material as there is a
significant and positive correlation between mechanical properties and degree of
conversion (Ferracane and Greener, 1986). Stability and biocompatibility of the

polymer are also related to DC, as will be explained further (2.1.4.).
2.1.2. Specificity of highly crosslinked polymer network

As mentioned above, it appears from DC values found in the literature that
even in optimum irradiation conditions, DC is limited and a complete conversion
(100%) cannot be obtained.
This constitutes the o
specificity of the kind of| N —F AN > RA< "
polymers used in dental R’ R’ R”
resins. The monomers used | ===~ R >—// === R >—< R

are indeed fetrafunctional, as

each molecule has the Figure 8 - lllustration of tetrafunctional characteristics of

. . dimethacrylate monomers.
potential to bind to 4 other

molecules or structures (Fig. 8). As a result, a highly crosslinked network is formed,
with covalent bonds between polymer chains, contrary to non-crosslinked polymer
chains where long linear chains are not connected with each other, e.g. polyethylene.
The cross-linked structure has major consequences on the material characteristics.
Physical properties and structural stability of a polymer are indeed -correlated
nonetheless with degree of conversion, but also with cross-linking density (Lovell et al.,
2001). Increased cross-linking reduces molecular mobility, which can generally be
highlighted by an increase of glass transition temperature (Tg, which represents the
temperature at which the polymer vitrifies during polymerization process - above this
temperature, the same polymer would return from a glassy to a rubbery state if heated
up?). The cross-linked structure has also a considerable impact on the kinetic profile of
the polymerization reaction. This is of prime interest as regards the topic of this thesis,

as the polymerization kinetics must be clearly explained to properly understand the

>The transition between glassy and rubbery state will be described further in more details.
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consequences of curing protocol modifications. As mentioned above, initiation,
propagation and termination are not really successive steps but co-exist during the
polymerization process. The relative importance of each step varies during the reaction,

mainly depending on the mobility of the system.

The kinetics of the polymerization reaction will now be described, with

reference to Fig. 9 and to the following equations:
Ry =kp [Re] [M] (1)
Ri=ki [Re]? (2)

where R, and R, are respectively the rate of propagation and termination, k, and ki
respectively the constants of propagation and termination, M stands for monomers and

R for radical species.

At the very beginning of the polymerization, both degree of conversion and
cross-linking density are low, and the mobility of the system is high. Hence, according
to the steady-state (quasi-stationary) approximation, it can be assumed that the free
radical concentration is stable, i.e. there is an equilibrium between radicals created by
initiation (R; = rate of initiation) and radicals consumed by termination: R; = Ri and Ry =

constant (Anseth et al.,, 1996). This is illustrated by the quasi plateau of R, for

R max - Rpmax
" (a) (b)
R, R,
/
t at RpMax t t at RyMax t
DCMax (=& DCMax
DC DC
DC at RpMax
(Q)] > (d)
t at RpMax t t at RpMax t

Figure 9 - Typical shape of kinetic curves for the polymerization of monomethacrylate monomers (a & )
and for dimethacrylate monomers (b & d):a & b represent the polymerization rate (Rp) as a function of
irradiation time (1), ¢ & d the degree of conversion (DC) as a function of time
(Charts modified from Andrzejewska, 2001)
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monomethacrylate monomers in Fig. 9a, and by the relatively linear increase of DC
with time in Fig. 9c. However, this plateau is generally not observed for dimethacrylate
monomers (Fig. 9b), witnessing that the steady-state assumption is mainly invalid for
cross-linked systems, except maybe during the very first instants of the reaction (below

10% conversion, according to Anseth et al. (1996).

As the propagation proceeds, DC (for mono- and dimethacrylate monomers)
and crosslinking density (for dimethacrylate monomers) increase. Therefore, the system

viscosity increases, and the mobility

of the chemical species decreases | (a) ° (b)
accordingly: it is the gelation. As

A e
schematically represented in Fig. J
10a, the mobility restriction firstly Gelation Vitrification

affects radicals, located on large Figure 10 - Schematic representation of polymer network

molecules (growing polymer in gel- (a) and vitreous state (b).

chains), whereas small monomer molecules can still diffuse easily. In other words, k¢
decreases significantly while k, scarcely changes (Fig. 11). Consequently, termination
drops dramatically while new growth centers are still created by intiation (R; >> Ry).
Hence, [R¢] increases (Eq. 1), which results in a spectacular increase of R, (Fig. 9a and
b), called autoacceleration. Due to this gel effect, termination occurs via reaction-
diffusion, and therefore depends on propagation, as illustrated by the parallelism

between k¢ and k, curves on Fig.

11. As demonstrated by Anseth et

al. (1996), a higher concentration
"o 107 of double bonds and a higher

crosslinking density both lead to an

3 3

. 10 !

.J , kp earlier onset of autoacceleration.
=10

4

o In other words, variations of
9 monomer nature (mono- or
1 v v v T dimethacrylates, molecular weight,
0.0 0.1 0.2 0.3 0.4 0.5
Conversion molecule stiffness, etc.) and
proportions can result in various
Figure I'l - ks and kp as a function of double bond conversion

for diethylene glycol dimethacrylate at 30°C. intermediate kinetic profiles
(From Andrzejewska, Prog Polym Sci 2001) ) )
between Fig. 9a-c and Fig. 9b-d.
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Finally, at the end of the reaction, viscosity gets so high that diffusion becomes
limited even for monomer molecules. As represented in Fig. 10b, monomers can no
longer reach radicals to be added to the chain. At that time, k, starts decreasing (Fig.
11), which results in a sharp drop of the propagation rate, called autodeceleration, while
DC tends to plateau: it is the vitrification. As termination is reaction-diffusion
controlled, k¢ decreases concomitantly to k, (Fig. 11). Vitrification takes place when Ty
of the polymerizing material reaches reaction temperature, i.e. ambient temperature plus
AT of the reaction exotherm. For example, Tg of a 50/50 mass% Bis-GMA - TEGDMA
cured polymer lies around 47.5°C (Dewaele et
al., 2009). A major consequence of the
vitrification, which occurs before the reaction was
able to get to completion, is the entrapment of
three kinds of active species: pendant double
bonds, free monomers and free radicals (Fig. 12).
While the presence of free monomers has already

been widely described in the literature, it is not

the case of trapped free radicals. The latter
constituted a main interest in the present thesis, Figure 12 - Schematic representation of the

active species that remain trapped in the

and several Chapters were dedicated to their network after vitrification: ¢ indicate radical
species, plain grey circles free monomers,
study (Chapters 3, 4 and 7). Their major findings  and grey circles pendant double bonds

will be discussed below.

2.1.3. Trapped free radicals: detection, identification, quantification

and follow-up

In general, it is extremely difficult to detect free radicals, as they are extremely
reactive, and therefore disappear very quickly in solution. However, as explained above,
the decrease in molecular mobility during the polymerization is associated with a
progressive entrapment of radical growth centers. Thanks to this unique feature of
dental resins, free radicals can be detected days or even months after
photopolymerization (Kloosterboer et al., 1986; Truffier-Boutry et al., 2006; Leprince
et al, 2009 - Chapter 3) by means of electron paramagnetic resonance (EPR)

spectroscopy. This technique, also called electron spin resonance (ESR)®, is adapted for

¢ For more clarity, EPR will be used throughout all this work.
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the study of chemical species with unpaired electrons. Once submitted to a magnetic
field (B), the average electron magnetic moment aligns itself either parallel or

antiparallel to the field (Fig. 13). Both orientations correspond to two energy levels and
the energy difference between the two spin states (AE) is proportional to the magnetic

field. An unpaired electron can change its energy level either by absorbing or by
emitting electromagnetic radiation of energy hv. As there are more electrons in the
lower energy state (Maxwell-Boltzmann distribution), energy absorption is favored.
Therefore, when a microwave radiation is supplied to the sample, resonance occurs
when hv corresponds to AE, which is monitored and converted into a spectrum, usually
represented by its first derivative in EPR (Fig. 13). Atoms surrounding the electron can
influence the electron if they possess a magnetic moment, which leads to the splitting of
the EPR signal into 2 or more peaks’. In the same way, the environment of the electron
also influences the shape of the signal, which was nicely highlighted for dimethacrylate-
based materials in the work of Anseth ef al. (1996). In the latter, the EPR spectrum
presents 13 lines at low conversion values (Fig. 14a) - liquid environment - and then
switches sharply to a 9-line spectrum (Fig. 14b) as the system vitrifies. In that work, the
free radical concentration was followed in real time, which is very interesting
conceptually. However, two limitations must be underlined for real-time follow-up of

free radical concentrations.

Magnetic moment

VA Magnetic Field (mT or G)

Absorbance

First derivative

—_—
EPR Signal Intensity

Figure |13 - Schematic representation of EPR principles

’The resulting spectrum is characterized by values called hyperfine constants.
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First, very low light irradiance is generally used, i.e. 0.2 mW/cm? (Anseth et
al., 1996) or 5 mW/cm? (Berchtold et al. 2005), which is irrelevant compared to the
irradiance of dental curing lights (from 400 to 3000 mW/cm?). The reason for this
choice is the need to slow down the reaction to be able to follow it by EPR. Even
though, in some cases, they were not able to do so by scanning the entire spectrum, as a
temporal resolution of only about 7 s was obtained (Berchtold et al. 2005). This
temporal resolution represents a major limitation when studying polymerization

reactions that occur in seconds or tens of seconds like in the case of dimethacrylate-
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Figure 14 -Typical ESR spectra during the homopolymerization of di-
methacrylates: (a) typical |3-line spectrum and (b) 9-line spectrum corresponding
to low and high polymer conversion respectively.

(Charts modified from Anseth et al, 1996)
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based systems. For that reason, they fixed the magnetic field at the value of the central
line peak and the changes in the peak height were related to the relative changes in
radical concentrations. However, as it can be observed by comparing both spectra on
Fig. 14 (a versus b - grey dotted lines were added and scale of figures modified for
comparative purposes), the position of the central peak shifts between the 9 and 13-line
spectrum. Therefore, it is difficult to adequately follow the concentration during the

polymerization, and the static measurement after vitrification is certainly more accurate.

The second limitation of EPR experiments on dental resins was that the radical
species giving rise to the 9-line spectrum had not been properly identified. This was
done later by Truffier-Boutry et al. (2003), who demonstrated by using computer
simulated spectra that vitrified dental resins contain two types of trapped free radicals
(R’Trapped), namely a propagating radical (R’propag) and an allylic radical type (R"auy1) (Fig.

15). The 9-line spectrum was described for the first time as a superposition of 9 weak

Allylic Radical
(R*auy1.)
CH>
.2
CH;=—C
TNL7ON
c R

>

EPR Intensity (a.u.)

Propagating Radical
(R.Propag.)
CHs

/
CHy—C
/MNN\CH2 {C/o

N
R

>
Magnetic Field (mT)

Figure |5 - 9-line EPR spectrum of 50/50 mass% Bis-GMA/TEGDMA resin after
polymerization and chemical structure of both radical species. R stands either for a
pendant monomer, carrying the second and unreacted methacrylated group, or for a
polymer chain.The respective concentrations of both radical species were assessed by the
height measurement of peaks indicated by arrows.

(Leprince, Lamblin et al., 2010a)
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peaks and 5 strong peaks corresponding to R*yropag and R'anyi respectively. As peak width
does not significantly vary with time, EPR peak height can be used to determine the
relative concentration of R rrpped. Measurement of peaks that are least influenced by the
signal of the other radical can be conducted to compare the abundance of both species:
height of the fifth (from 334,9 to 335,5 mT) and fourth peaks (from 336,1 to 336,6 mT
of the magnetic field) for R any1 and R’propag , respectively (Fig. 15). From the spectrum,
it is obvious that the signal of R"propag s much less intense than the one of R*ay1. This is
not surprising as the latter are products of transfer reactions and do not propagate but
accumulate during the polymerization. On the contrary, propagating radicals are the true
active species, undergoing propagation and termination unless their further reaction is

limited by vitrification.

Following the identification, it was of prime interest to study the fate of
R Trapped:® firstly, on a biocompatibility point of view, and secondly given the impact that
they might have on the long-term material properties of a polymer product (Berchtold et
al. 2005). It has indeed been hypothesized that their presence could lead to property
deterioration over time due to the formation of peroxyl radicals via reaction with
atmospheric oxygen. Additionally, they can facilitate further reaction when the polymer
i1s exposed to environmental changes such as temperature increase, which can also

significantly affect the material properties.

Hence, a long-term follow-up of R°uapped concentrations was conducted in the
present thesis (Leprince ef al., 2009 - Chapter 3), analyzing the impact of different
storage environments and temperature on the R°wapped Kinetics of decrease. From what
can be observed on Fig. 16, in the case of an unfilled resin (Bis-GMA/TEGDMA 70/30
mass%), two periods can be determined in the free radicals concentration decrease:
firstly from O to 24 hours, where the slope is independent of storage conditions, and

secondly more than one day after irradiation.

The first period was already investigated by Truffier-Boutry ef al. (2006) and
R’trapped decay was assigned to the post-irradiation shrinkage phenomenon. The latter is

linked to the free volume relaxation in the organic matrix, resulting in increased

8 The EPR measurements performed in this work are mass measurements, i.e. the peak intensity
corresponds to the whole amount of trapped free radicals present in the sample placed in the
spectrometer cavity. As samples were covered by acetate films prior to polymerization, the oxygen inhibited
layer can be neglected.
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Figure 16 - Change in concentration of allylic radicals (a) and propagating radicals (b) (in arbitrary
units) in samples of experimental resin (ER) stored in different environments.
Time is presented on a logarithmic scale.
(Leprince et al., 2009)

proximity of the chemical species. In this way, recombination of radicals can occur,
either by bimolecular termination or due to reaction-diffusion (Anseth et al., 1994). As a
result, an increase of the degree of conversion (DC) was measured (2%) during the 24 h
after photocuring. However, this effect is limited, as no additional change in DC was
observed from 24 to 48 h. This may be due to the end of the free volume relaxation and/
or to the influence of oxygen, competing with additional propagation (Pavlinec and

Moszner, 2003; Pavlinec et al., 2009).
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In another work being part of this thesis (Leprince, Lamblin et al., 2010a -
Chapter 7), additional evidence was found to support the identification of both radical
species and to explain the additional propagation during the first hours post-cure. From
what appears on Fig. 17, R'popag concentrations decrease at higher rates than R’ay
during approximately the first 4 hours. According to the above explanation, the local
molecular mobility due to free volume relaxation enables some R'Trapped to move closer
to each other, thereby increasing the probability of termination. Moreover, whilst R*ajiy1
are unable to react with species other than free radicals (higher stability due to a
resonance phenomenon, Fig. 15), R'popag €xhibit sufficient reactivity to interact with
remaining double bonds (either pendant double bonds or free monomers). In this way,
additional propagation reactions can repeat locally, slightly increasing DC (Truffier-
Boutry et al., 2006) and local radical mobility, which leads to some bimolecular radical

termination through reaction-diffusion, as schematically represented in Fig. 18.
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Figure 17 - Concentration (in a.u, n = 3) of propagating radicals as a function of allylic radicals for different
continous curing modes. Each point indicates the respective concentrations of both radical types at a
given storage time (5 minutes, | to 6 hours, | day and | to 3 months).

(Leprince, Lamblin et al., 2010a)

Moving on to the period from 1 day to 1 month, the decrease rate of free
radical concentrations clearly depends on the storage environment (Leprince et al.,
2009 - Chapter 3). For samples stored in argon, the decay is very limited. By contrast,
the decrease rate is very high in oxygen, and even higher in water (Fig. 16). The free
radical concentrations in samples stored in air decrease at intermediate rates. In the time
range investigated (1 day to 1 month), no physical phenomenon can be invoked
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(Truffier-Boutry et al., 2006).
On the contrary, reactions
with species coming from the
external environment are
most likely involved, and the
presence of oxygen is clearly
the determining factor of
radical decay (Leprince et
al., 2009 - Chapter 3). This
is in accordance with Li ef al.
(1993) who observed no
decay of the trapped free

radicals over a two-year

period in the absence of

(b)

oxygen (room temperature). |

. Figure 18 - lllustration of reaction-diffusion termination
This undoubtedly denotes the (a) Example of network structure at the time that the light is
cy . extinguished. (b) Same network structure some time after, when
occurrence of an oxidation slight increase in chain mobility due to free volume relaxation has

.. ) enabled additional propagation and subsequent termination of both
reaction in dental resins after radicals in the grey-shaded area.

. . (Modified from Berchtold et al, 2005)
photopolymerization.
Nevertheless, the exact chemical process has not been clearly identified yet. According
to the high reactivity of free radicals, peroxide radicals necessarily form by the addition

of oxygen on the trapped free radicals (Eq. 3):
Re+ 02 — ROO- 3)

Accordingly, Kaptan et al. (1992), who followed the decrease of the trapped radicals by
EPR, suggested that it would be the same to measure the increase of peroxyl radical
signal with time. Besides, Pavlinec et al. (2009) reported an accumulation of
hydroperoxides using chemiluminescence. However, peroxyl radicals were never
detected by EPR spectroscopy (Kloosterboer ef al., 1986; Leprince et al., 2009 -
Chapter 3). This may be due to the impossibility to simultaneously observe the EPR
spectra of both trapped radicals (allylic / propagating) and peroxide radicals under the

same setting conditions. It could also be explained by their high reactivity and their
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possible reaction with a slightly mobile hydrocarbon species (R'H), e.g. neighboring

unconverted monomers (Eq. 4):
ROO* +R'H— ROOH +R's 4)

This hypothesis would lead to the reformation of an allyl radical (R'* in Eq. 2) and of an
hydroperoxide, which is in line with the observation of Pavlinec ef al. (2009). Finally,
peroxide radicals could also be terminated by mobile radical species, as will be

explained further (2.1.4.1.).

Besides the differences between argon-, oxygen- and air-storage, the effect of
water on free radicals is of particular interest, as dental resins are permanently exposed
in vivo to an aqueous environment. It was observed (Fig. 16) that the radical
concentration in water-stored samples decays even faster than in oxygen. As mentioned
by many authors (Sideridou et al, 2003; Diaz-Arnold et al., 1992; Malacarne et al,
2006), water sorption results in a swelling of the polymer, which increases molecular
mobility, reduces Ty and can lead to a faster diffusion of oxygen. As a result, free
radicals disappear faster. In the same way, heating experiments accelerated the decrease
in Ruapped concentrations (Fig. 19) (Leprince ef al., 2009 - Chapter 3), which is not
surprising as at high temperatures (above Ty), trapped radicals are well-known to be
reactivated by an increase in network mobility (Andrzejewska, 2001). This increase

enables some bimolecular termination as well as additional propagation and subsequent
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Figure 19 - Change in concentration of allylic radicals (in arbitrary units) with
temperature in the experimental resin (ER) and in the commercial composite
Charisma® (Ch).

(Leprince et al., 2009 - Chapter 3)
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reactive-diffusion termination. On the contrary, below T, bimolecular termination
cannot be expected. However, Fig. 19 shows a slow free radical decrease between 20
and 40°C. While a slight increase of reactive-diffusion termination can not be excluded,
this observation principally supports the effect of oxygen, as temperature increase

favors the diffusion of small molecules into the polymer network.

Interestingly, discordances were observed between the observations made with
an unfilled resin and a commercial composite (Leprince et al., 2009 - Chapter 3).
When a filled resin (commercial composite Charisma®?) was considered, only the
stability of the signal in argon was confirmed, whereas the results for the three other
environments are less clear. Notably, the kinetic curve of samples stored in water shows
a decrease rate surprisingly lower than in air. The reason could be the presence of
inorganic fillers in Charisma®, which can influence the sorption phenomena by the
presence of interfaces. Besides, a preferential affinity of water to fillers and/or silanes
compared to the organic matrix could be responsible for the different effect of water
storage. Hence, only the effect of oxygen is confirmed for Charisma® (stability in
argon) and further experiments on filled resins are required to highlight the differences

between water-, air- and oxygen-storage.

Nevertheless, a general statement can be made on the impact of fillers on
Ruapped concentration and their kinetics of decay. Free radical concentrations were
nearly 3 times higher in  the organic fraction of the composite (after volume
standardization!?) than in the unfilled resin (Leprince et al., 2009 - Chapter 3). This
could firstly be due to the spatial confinement of the radicals during the polymerization
in filled resins, preventing their recombination. It could indeed be assumed that the
organic fraction is located in small interstices between inorganic particles, which could
restrict the diffusion of radicals to a relatively small area. Then, it could also be related
to an increase in local viscosity, as suggested by Beun ef al. (2009). According to the
latter, the large contact area between fillers and resin results in a significant local

increase in viscosity. Consequently, it may be assumed that the local molecular mobility

9 Composition of organic matrix comparable to the experimental resin used (Bis-GMA/TEGDMA 70/30 wt
%); filler content: 64 vol%

10 As organic matrix of Charisma represents about 36 vol%, free radical concentration must be ratioed to
the organic content using a multiplication factor of 100/36 (or 2.78) in order to compare them adequately
with radical concentrations in unfilled resin samples.
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is reduced, thereby favoring a «monomolecular termination» pathway, i.e. radical
entrapment. This notion is very important and will be useful to explain observations
being part of the last chapter of this thesis (Leprince ef al, 2010b - Chapter 8), where
it was observed that high irradiance modes are more efficient in filled than in unfilled

systems. This will be discussed in more details later in this review (2.3.3.).

Finally, the rate of decay of R'tapped 1s much higher in composites than in
unfilled resins, regardless of the storage condition (Leprince et al, 2009). This is in
accordance with other papers, where it was also observed that inorganic fillers
accelerated the decay of Rwapped concentrations (Ottaviani et al., 1992; Burtscher, 1993).
Two main explanations can be proposed, associated with the two different phases
described above for the R uapped kinetics of decrease. During the first phase (free volume
relaxation), as R°wapped concentration is about 3 times higher in the organic fraction of
filled resins, the probability for two radical species to meet and terminate is higher than
in unfilled materials. During the second phase (oxidation), as stated above, oxygen
diffusion into the material is certainly influenced by the presence of organic-inorganic
interfaces. Besides, the probability for oxygen - or for the products resulting from
oxygen interaction with the polymer!! - to react with R'apped is proportional to their
concentration (linearly or not, depending on the kinetics), i.e. in this case higher in filled

resins.
2.1.4. Elution of active species: monomers and free radicals
Foreword

By active species, I mean species that are potentially capable of inducing
biological effects on the living tissues surrounding the material. Among these species,
on the one hand, unconverted monomers have already been the subject of a large
amount of publications. Therefore, no additional experiments on their leaching has been
conducted in this thesis. Nevertheless, they are of prime interest on a biocompatibility
point of view. For that reason, I reviewed the principal information on this subject. It is
indeed important to highlight the consequences of a lack of polymerization. On the

other hand, contrary to monomer elution that has been widely documented, the results

' This topic relates to chapter 4 and will be discussed further in this review (2.1.4.1.)
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presented below (2.1.4.2.) highlight for the first time an elution of free radicals out of

dental resins.
2.1.4.1. Unconverted monomers

It was extensively explained that vitrification prevents complete conversion of
dental dimethacrylate-based resins, with DC roughly ranging from 35 to 75 %. As a
result, a significant amount of double bonds (from 25 to 65 %) are still present in the set
resin. Among these double bonds, some are connected to the network and called
«pendant», some are not, which corresponds to a given amount of free monomers
(statistically, a minimum of 6.25 % - (0.25)? - Anseth et al. 1995). The remanence of
these species in the cured materials represents a major concern due to their potential
impact on both the biocompatibility and the structural stability of the restoration. They
indeed act as plasticizers, therefore weakening the mechanical properties of the
material. They were also demonstrated to be cytotoxic and responsible for harmful
effects (Lin and Lin-Gibson, 2009; Schweikl ef al., 2005). For instance, they can induce
tooth pulp damage, mucosal irritation, contact dermatitis and allergic reactions
(Kawahara et al., 2004). Of course, as being part of the material, their mobility is very
restricted below T,. However, once stored in a solvent such as water or ethanol, the
material swells and monomers can more easily leach out. The elution of unconverted
monomers, i.e. their diffusion out of the resin matrix into various extraction media, has
been extensively studied. It appears that, in appropriate liquid media, elution of
leachable components from composites is rapid and declines asymptotically over time,
with the majority being released within a matter of hours. The amount of these
leachable substances has been correlated to DC and weight losses of up to 2% of the
mass of the composite have been reported under certain conditions (organic solvents)

(Ferracane, 1994).

The extent and rate of elution of components from composites is dependent
upon several factors: size and chemical characteristics of the leachable species, and
extraction media, which can be water, physiological saline solution, ethanol, or mixed
(e.g., 75% ethanol and 25% water) (Schmaltz and Arenholt-Bindslev, 2009). On the one
hand, Tanaka et al. (1991) found a good correlation between conversion rate and the
release of TEGDMA and Bis-GMA into an aqueous medium. On the other hand,

Ferracane (1994) reported a weak correlation between conversion rates and eluted
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residual monomers if water was used as extraction medium, while a better correlation
was found in case of an ethanol - water mixture. In organic solvents, the amount of Bis-
GMA extracted ranges from 0.4 % to 1.5 % of the composite mass (Geurtsen, 1998;
Inoue and Hayashi, 1982), while the amount of eluted TEGDMA goes from 0.04 to 2.3
mass% of the composite (Spahl et al,1998). By comparison, in water, significantly
lower amounts of Bis-GMA are eluted (0.03 - 0.07 mass% of the composite) (Inoue and
Hayashi, 1982) compared to lower molecular weight and more hydrophilic monomers
such as TEGDMA (up to 0.4 mass% of the composite - Spahl et al,1998), which
generally represents the principal eluted substances (Schmaltz and Arenholt-Bindslev,
2009). Taken together, approximately 2 mass% of the organic matrix is elutable in

aqueous media (Ferracane and Condon, 1990).

Speaking of monomer type, a recent fear has been raised in the media
concerning the potentially oestrogenic effect of Bisphenol A. In consequence, the
potential release of this compound by dental resins was investigated. Some papers
reported the detection of Bisphenol A in extracts of Bis-GMA-based composites and
sealants and in saliva in contact with these materials (Pulgar et al., 2000). However,
these investigations have been criticized due to methodological problems by other
authors, who defended that a Bis-GMA-based pit and fissure sealant containing no
primary Bisphenol A contamination (which probably depends on the initial purity) did
not release any into saliva (Arenholt-Bindslev D et al., 1999; Schmaltz and Arenholt-
Bindslev, 2009). Moreover, according to Imai and Komabayashi (2000), little or no
estrogenic effect due to long-term elution of Bisphenol A from commercial Bis-GMA-

based resins is expected in practice, but this is far beyond the scope of the present work.

That being said, it appears that monomer elution and cytotoxicity on human
gingival fibroblast cultures are inversely correlated with DC (Caughman et al., 1991).
Therefore, in case of insufficient material polymerization, adverse biologic effects may
be feared, both for the oral and pulp tissues. However, regarding the latter, biologically
active molecules must first penetrate from the cavity floor through the dentin to the pulp
in order to cause an inflammatory pulpal reaction. Interestingly, dentin was shown to act
as a diffusion barrier (Pashley, 1984; Pashley et al.,, 1981; Schmalz et al., 2001), which
is specifically due to the smear layer generated during cavity preparation. Moreover,

permeability is logically lower in dentin distant from the pulp compared with dentin
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close to the pulp (Pashley et al., 1988; Schmalz et al, 2001), and an obliteration of
dentin tubules beneath a carious lesion (dentinal sclerosis) can also reduce permeability.
Though, relatively hydrophilic substances, such as HEMA or TEGDMA, are able to
diffuse through dentin, specifically in the case of a thin dentin layer (Bouillaguet ef al.,

1996 and 1998).

Clinically, it is very difficult to discern whether pulp damage is due to cavity
preparation, e.g. due to insufficient water cooling, to damage related to bacterial toxins
subsequent to the carious lesion, or to direct toxic effect of substances that leach from
the material (Schmaltz and Arenholt-Bindslev, 2009). Nevertheless, the concentration of
leachable compounds at the target cells was found to be high enough to induce pulp cell

damage in vivo (Bouillaguet et al., 1998).

Besides biocompatibility matters, studies have shown that ethylene glycol-
based co-monomers such as EGDMA and TEGDMA may promote the proliferation of
important cariogenic microorganisms such as Lactobacillus acidophilus and
Streptococcus sobrinus (Hansel ef al., 1998). More recently, it has been shown that
saliva can catalyze the degradation of ethyleneglycol-based monomers, forming
biodegradation by-products such as methacrylic acid, and triethyleneglycol (Khalichi et
al., 2009). Interestingly, the latter seem to accelerate the growth of Streptococcus
mutans, a major etiological agent of dental caries. Hence, chemical species derived from
dimethacrylate monomers can potentially influence biofilm formation and microbial
survival on surfaces in the oral cavity. This is an additional element in favor of the

limitation of the unconverted monomers remaining in the material.

In conclusion, though the clinical significance of incomplete polymerization
has not yet been fully clarified (Schmaltz and Arenholt-Bindslev, 2009), several
concerns have been raised and the photopolymerization procedures must therefore be

directed at achieving DC as high as possible.
2.1.4.2. Free radicals

As demonstrated above, free radicals remain trapped for a long time in dental
resins. From a biocompatibility viewpoint, it is of prime interest to determine if their

progressive decay is linked with the release of radical species into the environment. The
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fate of trapped free radicals is also interesting to better understand the aging process of

the material.

Given the macromolecular dimensions of most trapped free radicals, their
mobility into the polymeric network is strongly limited by entanglement and connection
to the network. Even free radicals hypothetically carried by small molecules (monomers
or oligomers) that are not connected to the network are included in a material, which is
below Tg in air and at room temperature. Similarly to what was explained above for
monomer leaching, this excludes their free diffusion out of the material without any
swelling solvents. Nevertheless, R uapped concentrations decrease was observed in air at
ambient temperature, which could only be explained by radical reactions (distinct from
typical methacrylate photopolymerization) occurring within the resin and depending on
the presence of oxygen (Leprince ef al., 2009 - Chapter 3). This led to an innovative
work (Lamblin, Leprince et al., 2010 - Chapter 4) whose objective was to highlight if
these radical reactions can produce and release mobile secondary free radicals into the
environment. Given the high reactivity and therefore short half-life of free radicals in a
liquid storage media, spin-trapping methods are necessary to stabilize and enable
detection and identification of unstable free radicals (Gallez and Beghein, 2002;

Teshima et al., 2003).

A spin-trap is an unsaturated non-radical molecule

Q-P’Q ?H]CH

g’ \5,0\ @AN.QH’ reacting with an unstable free radical to form a
1 3

( © product called the spin-adduct. The half-life of the

DEPMPO PBN

latter is longer than the one of the radical
b

_N_ Ay HC (Bosnjakovic and Shulamith, 2006; Taniguchi and
[>/ \O HyC r'}J Madden, 2000), allowing its detection by EPR. The

R o
R spectrum of the adduct and its hyperfine constants

EMPO DMPO

are characteristic, enabling them to be identified.

Figure 20 - Chemical formulation of Nevertheless, due to the variable half-lives of spin-

some spin-traps. adducts, which depend on many parameters (nature

of the trapped free radical and spin-traps, solvent, pH, temperature, etc.), detection may
be more or less difficult. Typical spin-traps are nitroso compounds, like 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) or phenyl-butylnitrone (PBN) (Fig. 20). Spin-traps with

longer spin-adduct half-lives have recently been synthesized, e.g. 5-ethoxycarbonyl-5-
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methyl-1-pyrroline N-oxide (EMPO) and 5-diethoxyphosphoryl 5-methyl-1-pyrrolyne
N-oxide (DEPMPO), which were chosen for this work (Fig. 20). Ethanol was used as a
solvent for immersion of resin samples as it induces better swelling of methacrylated
polymer than water, thereby maximizing the diffusion of species in and out of the
material. A comparison of the different spectra obtained with EMPO (Fig. 21a, b and c¢)
clearly demonstrates for the first time that dental resins release ethoxy radicals when
they are stored in ethanol. This was confirmed by the experiments with the other spin-
trap - DEPMPO (Lamblin, Leprince ef al, 2010 - Chapter 4). Interestingly, the
signals obtained with EMPO for the commercial composite and the unfilled
experimental resin were similar (Fig. 21 a and b), supporting the fact that only the

organic part of the dental resin is involved in the release of ethoxy radicals.
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Figure 2| - EPR spectrum obtained with EMPO spin-trap. (a) Solution of EMPO (50 mM) and pure
ethanol in which unfilled cured dental resin was incubated for |5 minutes; (b) Similar experiment as (a)
but with commercial composite instead of unfilled resin; (c) Computer simulated spectrum of EMPO-
ethoxy radical spin-adduct. (d) EMPO incubated in a Fenton system in pure ethanol.
(Lamblin, Leprince et al., 2010 - Chapter 4)
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Considering ethoxy radical kinetics of release, the major observation was the
significant decrease in EPR signal intensity when a hydroxyl radical scavenger was
introduced (Fig. 22). This suggests that ethoxy radicals are secondary products of the
reaction between hydroxyl radicals (OHe¢) and ethanol molecules. The results obtained
with the Fenton system!? in ethanol (Fig. 21d) also support this assumption. Indeed,
ethanol is known to be an efficient scavenger of OHe, which are typically produced by
the Fenton reaction and rapidly converted into ethoxy-derived free radicals in ethanol
(Yamazaki and Piette, 1991; Reinke, 2002). Therefore, the simple detection of ethoxy

radicals suggests the release of OHe.
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Figure 22 - Change in concentration (ESR signal intensity, in a.u.) of EMPO - ethoxy radical spin-adducts
over time, with or without hydroxyl radical scavenger. (Lamblin, Leprince et al., 2010 - Chapter 4)

OHe release by dental resins has already been suggested in the literature. Lee
et al. (1995ab) hypothesized that OHe production could explain the chemical
degradation of dental composites stored in a food simulating environment (water/
ethanol 25/75). These authors proposed the hydroperoxidation of the methyl group in

the a position of a methacrylate group (Eq. 5).

ﬁ |C|> o) OOH
H—o—c—ﬁ;—CHs — R—O—C—ﬁ—CHg" + H°

CHy CH, CHa %)

12 Fenton reaction is the iron-salt-dependent decomposition of hydrogen peroxide generating hydroxyl
radical:

Fe?* + HyOp — Fe3* + OH" + OH- . It is used notably to destroy certain organic compounds or to
oxidize contaminants or waste waters.
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It has to be noted that the allyl radical produced in the first step of Eq. 5 is the same as
the allyl radical trapped in the resin. However, the one produced by Eq. 5 is
accompanied by a He abstraction, which can give a hydroperoxide. The trapped allyl
radical can only transform into a hydroperoxide with the assistance of another “mobile”
hydrocarbon. The hydroperoxide produced can then decompose into OHe and acyl

radicals (Eq. 6). The latter could provide new cross-linking or decompose into aldehyde

species.
gon o
R—0—C—C—C —> 0—C—C—C +  OH°
[LE [
CH, CHy (6)

Hence, according to Eq. 5 and 6, hydroperoxidation of the methyl group in a
methacrylate depends on two major parameters: the presence of oxygen and
unconverted double bonds. This is in accordance with supplementary experiments
conducted with EMPO. Firstly, ethoxy radical release was shown to be independent of
the presence of trapped free radicals in the resin samples, but dependent on the presence
of oxygen (Lamblin, Leprince ef al., 2010 - Chapter 4). Secondly, fully converted
methacrylate polymers (PMMA3) revealed no EPR signal, contrary to unpolymerized
resin, which confirms that ethoxy radical release depends on the presence of

unconverted double bonds (Lamblin, Leprince ef al., 2010 - Chapter 4).

Interestingly, the release of OHe could explain the long term decay of R’wapped
in dental resins. Contrary to radicals carried by polymers, oligomers or even monomers,
OHe can easily diffuse through resin network - even in air at room temperature - and
terminate R°wapped by addition. Hence, according to the hydroperoxidation mechanism,
R’trapped kinetics of decrease would depend on the diffusion of oxygen in the sample,
which corresponds quite well with the observations by Leprince ef al. (2009 - Chapter
3). However, this termination mechanism involving OHe is not the most likely. As
explained above (2.1.3.), a more obvious mechanism would start by direct oxidation of
the trapped radicals, leading to peroxyl radicals (Eq. 3). However, no EPR signal
corresponding to peroxy radicals was ever detected in dental resins. Three hypotheses
can then be proposed. The first and second ones, referring respectively to a potential

impossibility to observe simultaneously the spectra of different radical types, and to the

13 polymethylmethacrylate, DC = 100%
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transformation into hydroperoxide compounds, were previously described (2.1.3.). The
third hypothesis relates to the fact that the amount of unconverted double bonds
remaining after polymerization is by far higher (>10?) than the one of R'iapped in the
resin. As a consequence, oxygen molecules are much more likely to react with an
unconverted methacrylate group to create hydroperoxides (Eq. 5) than with free radicals

trapped in the polymer (Eq. 3).

To conclude, the present results improve the understanding of material aging
process. In addtion, as free radicals are implicated in many diseases, the evidence of
their release out of the material raises a new source of concern for dimethacrylate-based
resins. Free radical and monomer leaching demonstrate that these biomaterials, which
are becoming increasingly popular to dentists in place of mercury amalgams, are far
from inert. Though evaluation of toxicity requires to take into account other elements
(dose, distance and nature of structures between release location and potential target
tissue, etc.), it is reasonable to reduce the amount of reactive species as much as

possible.
2.1.4.3. Strategies to limit free radical and monomer release

From the above sections (2.1.4.1. and 2.1.4.2.), it appears that the leaching of
free radicals and unconverted monomers is linked with the incomplete conversion of
dimethacrylate-based resins. Therefore, in order to limit the amount of eluted species,
clinical procedures must be adapted appropriately to limit the amount of unconverted

double bonds.

The first and more obvious way to reduce their amount is to choose a material
containing less dimethacrylate groups, either by increasing filler fraction or by using
other kinds of monomers, i.e. other technologies or larger dimethacrylate monomers. As
mentioned above, larger molecules such as Bis-GMA, are indeed less expected to
diffuse out of the material than smaller ones (TEGDMA or HEMA). Going further,
larger molecules combining inorganic (Silica) and organic parts (dimethacrylate group)
were developed. For materials based on these molecules - called Ormocers® 14 - lower

cytotoxicity was reported compared to conventional resins (Moszner et al., 2008).

14 ORganically MOdified CERamics, Fraunhofer-Gesellschaft zur Férderung der angewandten Forschung e.
V., Munich (FRG), Germany.
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Another promising approach would be to give up using dimethacrylate-based organic
matrices, and move on to other monomer technologies. The most striking example is the
ring-opening system Silorane®!® - developed to reduce polymerization shrinkage - but
to date, no publications are available on monomer elution and cytotoxicity of Silorane-
based composites. Despite these different alternative technologies that could be
promising for biocompatibility improvement, dentists can not afford to use less resistant
materials. Therefore, their mechanical properties and filler fraction were compared in
this thesis to the «classical» dimethacrylate-based composites (Leprince ef al., 2010c -
Chapter 5) and the main results will be presented in the next section of this review

(2.2.1.).

The second manner to limit the amount of unconverted double bonds in
dimethacrylate-based composites is to reach the highest possible DC. For example, the
introduction of a new commercial composite (N’Durance by Septodont) claims to
reduce residual double bonds by phase-separation!®. Besides, the most obvious way to
obtain DC as high as possible is certainly to choose appropriate irradiation conditions.
Several factors can lead to a decreased DC: excessive thickness of composite layers,
which should generally not exceed 2 mm (Van Noort, 1994; Pollington et al., 2009),
lack of overlap between curing light emission and material absorption spectra, and
insufficient light exposure due to a shortage of curing time and/or light irradiance.
These different aspects have to be explored in two different ways. Firstly, in order to
make their choice for their daily practice, dentists need direct information on curing
lights and composites that are currently commercially available. For that reason, the
next part of this review (2.2.) will be dedicated to the investigation of recent
commercially available composites (Chapter 5) and light curing units (Chapter 6).
Secondly, the impact on the polymerization process of light irradiance, irradiation time
and their product, i.e. radiant exposure, needs clarification. Besides, the curing
efficiency of alternative photoinitiators also require investigation in experimental
materials, where the material composition is controlled. The third part of this review

(2.3.) and chapter 8 will deal with these matters.

15The term coined from the combination of SILOxane and oxiRANE moieties (3M-Espe)

'6This material has been introduced very recently and its presumably higher DC has not yet been
confirmed.
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2.2. Investigation of commercial composites and light-curing units.

Dental materials are in constant evolution. In a way, the situation can be
compared with informatics: as soon as a client receives his new computer, it is already
old-fashioned. The real problem with dental materials is the difficulty to sort out which
new products are really innovative. Therefore, the purpose of this chapter was to give
clinicians independent information regarding firstly new materials, and secondly recent
light curing units, and help dentists to chose among the products available. At the same
time, it is a good way to highlight problems and thereby lead to new fundamental

approaches.
2.2.1. Increased filler content and new monomer technologies

Considering the resin-based composites recently introduced to the market, it is
legitimate to ask what real progress have been achieved compared to previous
generations. Regarding inorganic fillers, though so-called “nano-composites” have been
introduced, it might be argued that nanotechnology has been used since the mid-1970s
(colloidal silica < 100 nm diameter). Rather than the filler size, improvement regarding
the filler fraction has more to do with optimization of filler morphology and size
distribution to optimize their packing. Then, concerning the organic matrix, research has
mainly focused on new monomer formulations to reduce volumetric shrinkage. The
most significant evolution since the synthesis of Bis-GMA by Bowen in 1962 was the
development of the ring-opening system Silorane® (Guggenberger and Weinmann,
2000). Initial in vitro studies on this composite confirmed a reduction in polymerization
stress (Eick et al., 2007; Palin et al., 2005a) and shrinkage, reaching values of less than
1 vol% (Weinmann et al., 2005). Another alternative to dimethacrylate monomers is the
inorganic-organic resin Ormocers®, for which interesting characteristics were also
reported, notably a limited shrinkage, ranging from 1.46 to 2.64 vol% depending on the
material and measurement method (Uhl et al., 2005; Gerdolle et al., 2008). Finally, a
new composite based on phase-separation (N’Durance®, Septodont) has been
introduced very recently to reduce volumetric shrinkage. Initial results revealed around
2.3 % volumetric shrinkage and intermediate stress values compared to dimethacrylate-

and silorane-based materials (Boaro ef al., 2010)!7.

I7 Apart from this reference, no literature data was found on this material. Therefore, it will not be further
discussed in the present work.
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Table | - General description of investigated composites

Materials Manufacturer Composite Type* |General Description Filler type and dimensions*
Tetric Evo Ceram Ivoclar-Vivadent Nano-Hybrid Commercial Barium glass, ytterbium trifluoride, mixed
(Schaan, dimethacrylate-based |oxide and prepolymer — range of particle size:
Liechtenstein) composite 40 to 3000 nm; average particle size: 550 nm
Synergy D6 Colténe-Whaledent Nano-Hybrid Commercial Prepolymerized fillers, Glass fillers, Nanofillers
(Langenau, dimethacrylate-based |- range of particle size: 20 to 2500nm -
Germany) composite average particle size: 600nm
Admira Voco (Cuxhaven, Micro-Hybrid Commercial Ormocer- [Ormocers, Glass-Ceramic Micro-fillers (average
Germany) based composite |particle size: 700 nm)
V35694 Voco (Cuxhaven, |Nano-Hybrid-Ormocer|Experimental Ormocer|Ormocers, SiO, nanoparticles - range of
Germany) based and highly filled| particle size: 20 to 50 nm and silicate glass -
composite averaae particle size: 1000 nm
V34930 Voco (Cuxhaven, Nano-Hybrid Experimental SiO, nanoparticles - range of particle size: 20
Germany) dimethacrylate-based |to 50 nm and silicate glass - average particle
and highly filled size: 1000 nm
composite
Grandio Voco (Cuxhaven, Nano-Hybrid Commercial Glass-ceramic micro-fillers - average particle
Germany) dimethacrylate-based |size: 1000 nm - and nanofillers - range of
and highly filled particle size: 20 to 50nm
composite
Filtek Supreme XT| 3M-Espe (St. Paul, Nanofilled Commercial Silica nanofillers - average particle size: 75nm
MN, USA) dimethacrylate-based |zirconia nanofillers - average particle size: 5 to
nano- composite 10 nm - and agglomerated zirconia/silica
nanoclusters - range of particle size: 600 to
Filtek Silorane 3M-Espe (St. Paul, Micro-Hybrid Composite based on |Quartz Microfillers (0,1-1 um) - range of
MN, USA) ring-opening particle size: 40 to 1700 nm - average particle
monomer technology |size: 470nm

* Based on information from the manufacturer  ** Experimental materials

Despite the interesting features of new materials in terms of shrinkage
reduction and/or potentially improved biocompatibility mentioned in the previous
section, mechanical properties should not be compromised. To our knowledge, there
exists no study comparing in the same protocol the mechanical properties and inorganic
fraction of Ormocer-, Silorane-based materials and the most recent highly filled
dimethacrylate-based composites. Such a work was conducted in the present thesis
(Leprince et al., 2010c - Chapter 5) (see Table 1 for general description of each
material). To start with, significant differences of filler fraction were observed between

the different so-called ‘“nanocomposites”. Grandio and both experimental Voco

V34930
V35694
Grandio
Synergy D6

Filtek Silorane

Materials

Filtek Supreme XT
Admira

Tetric EvoCeram

0 20 40 60 80 100
Filler mass fraction (%)

Figure 23 - Filler mass fraction (%) measured by TGA (n=3).The materials are
ranked in descending order according to their means (black horizontal bars)
and the standard deviations are added in the form of grey bars.Vertical bars
connect materials that are not statistically different (p<0.05).
(Leprince et al.,2010c - Chapter 5)
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materials (composite V34930 and ormocer V35694) presented a significantly increased
filler load (84.3 - 86.7 mass%) compared with the other materials (70.5 - 75.5 mass%)
(Fig. 23). Assuming no particle agglomeration, a possible explanation for such
differences in the filler content is a better adapted combination of particles of different
sizes, reducing inter-particulate distances and enabling higher filler packing in Grandio,
V34930 and V35694. Nevertheless, as the filler content here was measured in mass
percentage, it should be noted that filler load could also be partly related to the nature of
the particles. Indeed, denser particles are responsible for improving filler load without
increasing the volume percentage and quoting volume filler percentages is probably

more relevant for overall performance of the composite material.

Considering the mechanical properties (Fig. 24a-d), there were no significant
differences observed in flexural strength (os) between each material although Grandio
and V34930 exhibited significantly higher elastic moduli (Eq and Es) compared with
other material types, which can be explained by a significantly increased filler content
(Leprince et al., 2010c - Chapter 5). Consequently, in the case of Grandio and
V34930 (experimental composite), the mechanical characteristics may favour their use

in high occlusal stress locations. As both materials exhibit a high elastic modulus, which
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Figure 24 - Overview of the mechanical properties studied. The materials are ranked in descending order

according to their means (black horizontal bars) and the standard deviations are added in the form of grey

bars.Vertical bars connect materials that are not statistically different (p < 0.05). () Dynamic modulus (Eq

in GPa) (n = 5); (b) static modulus (Es in GPa) (n = 5); (c) flexural strength (05 in MPa) (n = 5); (d) Vickers
microhardness (inVHN) (n = 5). (Leprince et al., 2010c - Chapter 5)
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may result in the generation of high polymerization shrinkage stress, their use in
cavities with a low configuration factor might be suggested, e.g. in extended cavities for
which a high modulus material is also important. Although the mass percentage of filler
in V35694 (experimental Ormocer-based composite) was statistically equivalent to
Grandio and V34930, a significant reduction in elastic modulus (Eq and Es) was
observed, which can be associated with the difference in the proprietary matrix
composition of the experimental material. Consequently, the ormocer-based V35694
might be more suitable to fill in cavities where a lower elastic modulus is preferred
(class IIT or V). Still, it must be pointed out that the experimental V35694 represents an
interesting evolution compared to the the commercially available Ormocer-based parent
Admira.  Firstly, V35694 exhibits a significant increase in Eq and upper surface
microhardness, which can be attributed in part to a significantly increased filler content.
Admira exhibits statistically inferior mechanical properties compared with several of
the methacrylates tested here (Figure 24a-d), which has also been demonstrated in the
literature (Manhart et al, 2000). The increase in mechanical properties of the
experimental material V35694 highlights the potential of Ormocer-based composites to
surpass the properties of several methacrylate-based materials. Secondly, while Admira
contains TEGDMA, it is not the case of V35694 (information from the manufacturer).
In the former, TEGDMA was necessary to compensate the high viscosity of the
inorganic-organic network, to aid rheological properties and filler inclusion.
Unfortunately, this addition of low molecular weight methacrylate-monomers may
counteract improved biocompatibility if cytotoxicity of eluted residual monomer is
considered. Hence, this constitutes an interesting progress of Ormocer-based materials
regarding biocompatibility, as elution of TEGDMA should no longer be feared, which
might go along with the lower cytotoxicity and reduced water solubility reported by

Moszner et al. (2008).

In our investigation (Leprince ef al., 2010c - Chapter 5), Filtek Supreme XT
was the only material reported as ‘“nano-composite”, the others being considered as
micro- or nano-hybrids. It exhibited high strength values (Fig. 24c) (although not
significant), in accordance with Ilie and Hickel (2009). Interestingly, it could be due to
its unique spherical shape of its particles, which are known to exhibit improved fracture
resistance compared with irregular-shaped morphologies as regions of high stress-

concentrations at the filler particle edge are avoided (Suzuki er al, 1995). Filtek
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Supreme XT also showed high values of Eq and Es. Unlike Masouras et al. (2008), the
present results suggest the potential of a composite with spherical fillers to generate
equal or better modulus than some materials of higher filler content but with irregular
particles (Synergy D6, V35694). One possible explanation could be silane infiltration
into porosities of the nanoclusters as proposed by Curtis et al. (2008). However, it must
be pointed out that nano-composites seem to be more degraded by longer storage in

water and saliva than the micro-hybrids (Ilie and Hickel, 2009; Curtis et al., 2008).

Regarding Filtek Silorane, it can be stated that this material compares
favourably to some clinically well-accepted methacrylate-based composites in terms of
mechanical properties, which is in agreement with other studies (Weinmann et al., 2005;
Ilie and Hickel, 2006 and 2009; Lien and Vandewalle, 2010). However, while Lien and
Vandewalle (2010) reported a better flexural modulus for Filtek Silorane than for Filtek
Supreme XT, our work (Leprince et al., 2010c - Chapter 5) showed the opposite, with
lower Eq and Es for Filtek Silorane. This, in association with lower surface hardness
(Palin ef al., 2005b; Lien and Vandewalle, 2010; Leprince et al., 2010c - Chapter 5),
and reduced wear resistance ((Palin et al., 2005b) might be considered as a clinical
disadvantage in areas with high occlusal force. Though, this material presents another
very interesting aspect: higher stability of its mechanical properties after storage in
aqueous and ethanol solutions compared to methacrylate-based composites (Ilie
and Hickel, 2009; Yesilyurt et al., 2009). Finally, it must be underlined that even if
Silorane was developed as a low shrinkage composite, decreased shrinkage does not
necessarily result in reduced marginal gap formation. The stress generated at the tooth-
restoration interface is a result of a complex process of shrinkage, curing speed and
elastic modulus of the material. In addition, it also depends on the configuration factor
of the cavity and on the compliance of the surrounding tooth tissue. In the case of
Silorane, the lower elastic modulus combined with different curing characteristics
associated with its cationic ring-opening polymerization and resultant low shrinkage
reported in the literature (Eick ef al, 2007) may work in combination to reduce gap
formation. As a result, this new material might be recommended for cavities with high
configuration factor (where low shrinkage and shrinkage stress are required). Better
marginal adaptation (Papadogiannis et al., 2009) and lower microleakage (Bagis ef al.,
2009) was indeed highlighted for Silorane compared to dimethacrylate-based

composites. However, in a recent paper from Van Ende ef al. (2010), no significant
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difference in microtensile bond strength was observed between Silorane and the
methacrylate-based composite Z100 (3M-Espe) on flat dentin (C-factor = 0.17).
Surprisingly, in a class I cavity (C-factor = 3.5), microtensile bond strength only
decreased for Silorane and not for Z100, whereas the latter is among the fastest curing
and highest shrinking composites with a relatively high E-modulus (‘worst-case
scenario’ regarding shrinkage stress). According to the authors, factors other than
polymerization shrinkage influenced these results, such as problems of adaptation of
Silorane in narrow cavities due to high stiffness of uncured material, which can lead to
air bubbles inclusion. It was also concluded that adequate polymerization, especially at
the bottom of the cavity, is more important than the cavity configuration. Therefore,
layering technique remains recommended, even for these low-shrinking composites

(Van Ende et al., 2010).

Speaking of adequate polymerization, it must be mentioned that mechanical
characterization of composites are usually conducted using “maximum cure”
procedures, 1.e. 60 s irradiation on both sides of the samples with a halogen light-curing
unit!®, In addition, the samples are generally prepared according to ISO specification
4049 with a material thickness limited to 2 mm (sample size: 25 %X 2 X 2 mm). However,
both sample configuration and irradiation conditions are far from clinical situation.
Even if information obtained with such an experimental protocol can certainly help
practitioners in their material choice, dentists also need to know if clinically relevant
curing procedures are suitable for each material. New curing protocols using new light
curing units for shorter irradiation time have indeed been validated in certain conditions.
Besides, an ultimate goal of low-shrinkage resin composite materials might be the
possibility to cure thicker layers of composite ( > 2 mm) without bonding failure, gap
formation and without deterioration of tooth structure. Therefore, despite the difficulty
to thoroughly analyze the impact of each parameter on the curing extent, it was
interesting to investigate the polymerization of thicker composite layers of low-

shrinkage resin composites with two commonly accepted curing protocols -

18 XL3000 (3M-Espe, St-Paul, MN, USA) operating at 544 mW/cm? (+/- 17 mW/cm?)
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conventional halogen light!® during 40s and third generation LED light*® during 20s
(Leprince et al., 2010c - Chapter 5). The results presented in Fig. 25 indicate that both
irradiation procedures induce a suitable polymerization through all the studied materials
within the first two millimeters, which confirms the potential of the new generation
LED lights to reduce irradiation time to some extent (Price et al,, 2005). In the same
way, current standards state that a composite layer is properly cured when the bottom
microhardness is higher than or equal to 80 % of the top microhardness (Price et al.,
2005). In this case, the materials of the different technologies fulfill these requirements
for both photoinitiating procedures (XL3000 40 s / G-Light 20 s) (Leprince et al.,
2010c - Chapter S5). However, for the deepest layers (3 — 4 mm), the differences
between the composites increase and all values but Grandio /3 mm / G-Light / 20 s are
lower than 80%. This confirms that, for the materials and curing protocols considered,

practitioners should limit the thickness of each composite layer to 2 mm. Finally, as will

XL3000, 40s G-Light, 20s
Vickers Microhardness
(in % of the top hardness)
100% 80% 60% 40% 20% 0% 0% 20% 40% 60% 80% 100%
_ 0 _
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‘ ﬂ -
S I_J
|
I
|
Depth (mm)

Figure 25 - Comparison of the influence of both curing protocols on the decrease of Vickers
microhardness with depth. The values are presented in percentage of uppermost surface microhardness
(n=5).The values to the left refer to samples cured during 40s with XL3000, and those to the right refer to
samples cured during 20s with G-Light. (Leprince et al., 2010c - Chapter 5)

19 XL3000 (3M-Espe, St-Paul, MN, USA) operating at 544 mW/cm? (+/- |7 mW/cm?)

20 G-Light (GC, Leuven, Belgium) operating at | 166 mW/cm? (+/- 78 mW/cm?). The third generation LED
light was preferred to a second generation LED to limit the impact of potential spectrum incompatibility on
the results.

56



Literature Review and Major Findings
be explained in details further (6.5), it is worth mentioning that the validation of a
curing protocol based on this 80 % ratio between top and bottom hardness must be
considered with caution. This can indeed lead to the validation of a curing protocol

responsible for low absolute hardness values (Leprince ez al., 2010d - Chapter 6).
2.2.2. New light-curing units and importance of spectrum match

Dental practice and materials must evolve concomitantly with the demands of
the society: more time efficiency, more aesthetics. Several works have highlighted the
potential of the new generation LED lights to reduce irradiation time to some extent
(Price et al., 2005; Felix et al., 2006; Leprince et al. 2010c - Chapter 5). However,
dentists need to know to what extent, which depends on the type of LED lights they use.
Moreover, as mentioned in the introduction (1.2.), alternative photoinitiators are now
incorporated in some commercial composite formulations - mainly for aesthetic reasons
(yellowish aspect of CQ/amine systems) - which modifies the absorption spectrum of
composites. Consequently, problems of incompatibility can raise, notably when using
2nd generation of LED lights with a single narrow blue peak (Price and Felix, 2009). To
overcome this problem, the 3™ generation of LED lights were developed, combining
two different light peaks, a blue one (470 nm) and a violet one (400 nm) (Fig. 26, G and
BG2). Besides, some LED lights belonging to the 2" generation present a shifted peak,

-@-B16i
—£-BG2
. -o-F2
! |

80% X
—CQ

60% | jz f ‘ K =

40% ' f

20% g

100% -

Relative intensity

0%

380 400 420 440 460 480 500 520
Wavelength (nm)

Figure 26 - Absorption spectra of the photoinitiators (pure CQ and L) and emission spectra of the light-
curing units (in relative intensity of their respective maximum). Bl 6i stands for Bluephase |6i (Ivoclar-
Vivadent, Schaan, Liechtenstein), BG2 for Bluephase G2 (Ivoclar-Vivadent, Schaan, Liechtenstein), F2 for
Freelight 2 (3M-Espe, St-Paul, MN, USA), G for G-Light (GC, Japan), X for XL3000 (3M-Espe, St-Paul, MN,
USA), CQ for Camphorquinone and L for Lucirin-TPO. (Leprince et al., 2010d - Chapter 6)
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centered on 450 nm rather than the usual 470 nm (Fig. 26, B161 and F2), which
probably attests the presence of phenylpropanedione in some materials of the curing
light manufacturers. Given the lack of information from manufacturers on the
photoinitiating systems of commercially available composites, dentists face a difficult
choice among the diverse light curing systems. Therefore, a study was conducted in the
present thesis to provide practitioners with some indications (Leprince et al., 2010d -
Chapter 6). Two main objectives were pursued: the first one was to evaluate the
potential of curing time reduction of 4 different types of recent LED lights (Table 2) in
comparison with a commonly accepted curing protocol - conventional halogen light?!
during 40 s (Torno et al., 2008; Peutzfeldt and Asmussen, 2005). The second aim was to

highlight potential lack of polymerization and/or excessive temperature rise in the pulp

Table 2 - Tested lights

Expected Measured | Recommended
Name |Code | Manufacturer | Light type |Mode* |irradiance** | irradiance | curing time **
(mW/cm?) | (mW/cm?) * %k
Ivoclar-
BluePhase ] Vivadent LED 2nd . 1600 1622
16i B16i (Schaan, generation High +/- 100 (+/-78) 10s
Liechtenstein)
Ivoclar-
BluePhase Vivadent LED 3rd : 1200 1050
G2 BG2 (Schaan, generation High +/- 10% (+/-14) 10s
Liechtenstein)
) LED 3rd 1166
G-Light G GC (Japan) generation - 1200 (+/-78) 10 or 20s
. 3M-Espe (St. 50% reduction
Freezllght F2 Paul, MN, tﬁzrgpicc)ln - 1000 (+6/‘_‘26) vs conventional
USA) 9 halogen
3M-Espe (St.
XL3000 | X Paul, MN, Halogen - d?ta not 44 40s
USA) ound (+/-17)

* When choice possible between Low & High power mode
** Based on information from the manufacturer
*** For 2mm micro-hybrid composite, at high power when different modes available

chamber due to spectrum mismatch between LCU and composite. Therefore, two shade
variants of the same composite - Tetric Evo Ceram® A2 and Bleach XL (Ivoclar-
Vivadent, Schaan, Liechtenstein) - were chosen for their different photoinitiating
system. Both shade variants indeed contain camphorquinone (CQ) and lucirin-TPO (L)
but in different ratios. In shade A2, CQ is dominant while in Bleach shade, L is present
in greater concentrations. Globally?2 Vickers microhardness results (VHN) for shade
A2 composite seem to validate?® the use of the four LED lights for irradiations of as

short as 10 s as an alternative to the reference protocol (X — 40 s) (Leprince et al.,

21’ XL3000 (3M-Espe, St-Paul, MN, USA) operating at 544 mW/cm? (+/- 17 mW/cm?)
22The results will be fully described in Chapter 6, and only the main conclusions will be presented here.

23 For composite layers of 2 mm
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2010d - Chapter 6). Indeed, VHN values were statistically comparable to or higher
than values of the reference (except for F2 — 10 s, significantly lower at 2 mm depth). In
case of higher values, the balance between microhardness improvement and pulpal
temperature rise (AT) must be considered. Temperature rise is indeed mainly related to
the irradiance (Asmussen and Peutzfeld, 2005) and despite the fact that dentin is an
excellent thermal insulator, it cannot be excluded that the pulp will be thermally
damaged during extended irradiation times, especially with a thin remaining dentin
layer (Schmalz and Arenholt-Bindslev, 2009). Withworth et al. (2004) indeed reported
increased incidence of pulpal problems for deep restorations and found that composite
restorations were more likely to be associated with pulpal breakdown than amalgam,
which could be partly explained by thermal damage (Jakubinek et al., 2008). Hence,
even if there is no consensus on the critical temperature above which pulpal damage can
occur, an improvement in mechanical properties (as a result of an increase in irradiance
and/or time) should only be validated if the associated AT is reasonable. Despite the
better microhardness values for shade A2 composite obtained with 40 s irradiations with
B16i, BG2 and G lights, AT?* was significantly higher, with respectively 5.98, 5.22 and
4.96°C, i.e. nearly twice AT of the reference (3.09°C). When irradiation time was
reduced to 20 s, B16i still induced a significantly higher AT (3.98°C) than the standard,
while for BG2 and G there were no significant differences in AT compared to X — 40 s.
Therefore, 3" generation LED lights BG2 and G should be preferred and used for a
maximum of 20 s for greater safety. However, a time of 40 s could be recommended in
endodontically treated teeth. Considering Bleach shade, a reduction of curing time is
also possible with LED lights, but only when using G and BG2 and for an irradiation
time of 20 s (Leprince et al., 2010d - Chapter 6). The latter curing protocols were also
validated by temperature measurements: as there is no significant improvement in VHN

with 40 s irradiation, 20 s could be preferred given the lower ATs.

Besides the determination of these clinical guidelines, several interesting
observations must be highlighted. To start with, a perfect correspondence between light
and material spectra is of prime concern, both to insure optimal polymerization (Price

and Felix, 2009; Leprince et al., 2010d - Chapter 6) and to limit heating in the pulp

24Tooth partially immersed in water at ambient temperature (+/- 23°C), thermocouple placed in the pulp
chamber, temperature measurements performed during irradiation of the tooth either covered or
uncovered by 2 mm composite layer. Please see Chapter 6 for complete description of the experimental
setup.

59



Chapter 2

chamber (Leprince ef al., 2010d - Chapter 6). For example, despite the much higher
irradiance of B16i compared to BG2 (1622 mW/cm? versus 1050 mW/cm?), the surface
hardness of shade A2 cured with BG2 — 40 s was significantly greater (63.40 +/- 1.73
versus 56.61 +/- 2.31 VHN), probably thanks to the better alignment of the BG2 blue
peak on the CQ peak of maximum absorption (Fig. 26). In addition, the effect of BG2’s
additional violet peak on the small amount of L in shade A2 composite must certainly
not be neglected. The less adapted spectrum of B16i also results in a higher AT than
BG2. Manufacturers should, therefore, inform practitioners carefully regarding the

correspondence of light and material spectra.

Then, AT of uncovered teeth were higher (about 1°C) than when teeth were
covered with 2 mm composite (Leprince ef al., 2010d - Chapter 6), which highlights,
in accordance with other studies (Stewardson et al, 2004; Millen et al., 2007), the
insulatory effect of composite, despite the exothermicity of the polymerization reaction.
In other words, the heating induced by the light has more impact on the temperature rise
in the pulp chamber than the exothermicity occurring as a result of the polymerization
reaction of the 2 mm composite. It also underlines that the polymerization of the
adhesive layer (assimilated to uncovered teeth) is probably the most critical step for the
pulp. Notably, the most powerful LCU may represent a risk for the pulp when they are
used for too long. Hence, dentists should limit the irradiation time with these lights for
the polymerization of the adhesive or favour LED LCU with low irradiance mode. This
is supported by the observation that the impact of irradiation time and irradiance is less
important at the surface in terms of microhardness (Leprince et al., 2010d - Chapter

6), but this trend should of course be supported by measurement of adhesion properties.

Finally, reduction in curing time is feasible with the new LED LCUs
investigated as a result of a better-centered spectrum of LED and a higher irradiance.
Nevertheless, despite the limited importance of irradiation time at the surface, time was
very important at depth in order to obtain optimum polymerization (Leprince et al.,
2010d - Chapter 6). Hence, the potential to reduce irradiation time is limited by the
need to maintain microhardness values as high as possible, especially at depth. In
addition, time, and particularly irradiance, must be optimized to insure reasonable levels
of pulpal heating. Notably, practitioners should remember that the effect of an increase

in irradiance on microhardness is limited. An evocative example is the case of B16i and
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F2, which can reasonably be compared as their spectra overlap perfectly (Fig. 26). On
the surface of A2 shade, even though microhardness for B161 — 40 s was statistically
higher than that of F2 — 40 s (56.61 +/- 2.31 versus 50.4 +/- 1.91 VHN), the difference
is not proportional to the huge difference in irradiance (644 mW/cm? for F2 versus 1622
mW/cm? for B16i); between B16i — 20 s and F2 — 20 s or B16i — 10 s and F2 — 10 s, the
differences were not significant. At a depth of 2 mm, there was no statistical difference
either between B16i — 40 s and F2 — 40s, or between B161 — 20 s and F2 — 20 s. This is
in accordance with the results of Musanje and Darvell (2003), who state that there
seems to be little use to exceed 1000 mW/cm? for 2 mm layers. In addition, AT values
of B161 were significantly higher (5.98 +/- 0.04, 3.98 +/- 0.13, 2.68 +/- 0.30) than with
F2 (2.63 +/- 0.66, 1.71 +/- 0.28, 1.30 +/- 0.13), which is excessive compared to the

slight and generally not significant increase in microhardness values.

To conclude, this highlights the importance to consider the relationship
between the degree of conversion of a composite and the photoinitiation parameters:
irradiation time, irradiance and the product of both, i.e. radiant exposure. This will be
the topic of the next chapter, dealing with the exposure reciprocity law. Finally, as any
excess irradiance can result in unjustified pulp heating in the same way as spectrum
mismatch, data on thermal effects should clearly be available for light-curing units that

are on the market.

2.3. Exposure Reciprocity L.aw: Comprehension and Innovation

2.3.1. Definition and Current knowledge

As underlined in the previous section, dental practice has to adapt to society
changes and its new requirements. One of them and no the least is the need to save
time, and there exists a demand for reduction in curing exposure to minimize chairside
procedure times of multi-increment resin composite restorations. This is interesting for
patients, who are understandably reluctant to stay for a long time with open mouth, and

for the dentists, who wish to increase the yield of their practice.

In order to reach this time reduction, the general trend among manufacturers
was to produce light curing units with increased irradiance. This was based on the
assumption that the total energy of the irradiation, i.e. Radiant Exposure (RE, J/cm?), is

the main determining factor of the degree of conversion and mechanical properties of
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the photoactive material. As RE is the product of irradiance (/, mW/cm?) and irradiation
time (¢, s), it supposes that to reach a certain property, no matter how RE is obtained
(different combinations of / and 7) as long as it remains the same: it is the seducing
principle known as Exposure Reciprocity Law (ERL). ERL is originated from a very old
work from Bunsen and Roscoe (1859), stating that all photochemical reaction

mechanisms depend only on the total absorbed energy and are independent of 7 and ¢.
It = constant

This law was applied later in photography and radiography, where the
behavior of the films was observed to be uniformly constant if the exposure times to
which the films are exposed vary reciprocally with the intensities of the exposing
radiation (Morgan, 1944). In other words, considering radiography, the mass of the
photoproduct resulting from X-ray radiation of silver grains in an emulsion is
determined by the time integral of the exposure, i.e. the product of the X-ray radiation

flux and the exposure time.

However, failures to this law were reported, and to account for them,

Schwarzschild (1900) proposed a modification of this law:
1Pt = constant

where p is the Schwarzschild coefficient that he thought was constant. It then
appeared that p varied from material to material, within the same material, and in some
cases with a change in irradiance (Martin et al., 2003). In their review, Martin et al.
(2003) concluded that the law proposed by Schwarzschild models adequately the
photoresponse of a wide range of materials as a function of 1. In an large majority
(97%), p fell between 0.5 and 1.0, the latter corresponding to the validity of the

reciprocity law.

Now, in relation to dental dimethacrylate-based materials, ERL has been tested
with regard to several material properties: degree of conversion, flexural strength and
modulus, hardness and depth of cure (Feng and Suh, 2007); in certain cases, the law
held quite well (Emami and Soderholm, 2003; Halvorson et al., 2002; Price et al., 2004;
Sakaguchi and Ferracane, 2001). Based on this observation, as mentioned by Feng and

Suh (2007), it was tempting to adopt ERL as a guideline to select the proper ¢ based on

62


http://www.medcyclopaedia.com/Home/library/glossaries/x_ray.aspx
http://www.medcyclopaedia.com/Home/library/glossaries/x_ray.aspx
http://www.medcyclopaedia.com/library/topics/volume_i/f/flux.aspx
http://www.medcyclopaedia.com/library/topics/volume_i/f/flux.aspx

Literature Review and Major Findings
the available /. Unfortunately, several elements prevent from doing so. First of all, there
seems to be no consensus on the adequate RE to cause acceptable polymerization,
though such recommendations as 400 mW/cm? for 60 s (Rueggeberg et al., 1993) or
600 mW/cm? for 40 s (Vandewalle et al., 2004) with conventional halogen lights are
usually considered as a standard for less than 2 mm increments. Musanje and Darvell
(2003) even declare that the absence of consensus is not surprising given the variety of
resin-based composite composition, light source spectra and responsivity of detectors.
In addition, in contradiction with previous assumptions (Caughman et al., 1995), they
demonstrate that there is no «minimum irradiance» under which no effective
polymerization can be achieved. Nevertheless, the necessary irradiation time may
sometimes be clinically inconvenient at low /. Besides, there is clearly a need to specify
I and ¢ values at a given incremental thickness to generate «sufficient» material
properties, 1.e. competitive in its clinical purpose. Several studies have indeed reported
that although RE plays an important role, / and ¢ independently influence polymer chain
length, extent of crosslinking and mechanical properties, and as such, exposure
reciprocity law does not hold under all conditions. Notably, Musanje and Darvell (2003)
highlighted that globally, apart from extremes (unset regions, i.e. gel state, and regions
where properties have roughly attained their maximum), properties increase with RE.
But on four investigated materials, only one seemed to roughly satisfy the reciprocity
between / and ¢. This seems to demonstrate the prime importance of the particular
composition and reactivity of the products. In the same way, DC, flexural strength, and
flexural modulus were shown to increase with increasing RE. For each RE, DC was
shown to decrease with increasing /, while flexural strength and modulus showed a
maximum at intermediate / (Peutzfeldt and Asmussen, 2005). According to Peutzfeldt
and Asmussen (2005), the effect of DC and cross-linking frequency on mechanical
properties is of opposite direction. As DC decreases at higher / and shorter ¢, kinetic
chain length decreases at the same time, and the frequency of cross-linking increases.
This may explain the parabolic relationship found between /, and flexural strength and
modulus. Finally, Dewaele ef al. (2009) confirmed that DC, elastic modulus and T of a
light-curing polymer-based material are mainly influenced by and positively correlated
with RE, while there is negative correlation between / and DC and between / and elastic
modulus. Their explanation relates to initial premature termination of free radicals,

which is proportional to their squared concentration, hence proportionally more in case
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of high /. Consequently, one interesting approach to better grasp the chemical process of
photopolymerization is the observation of trapped free radical concentration, which can
bring further clarification to conditions that lead to applicability of exposure reciprocity

law. This will be detailed below.

2.3.2. Contribution of EPR technology in the understanding of the
ER law

The study of trapped free radicals (Retrpped) 1s particularly relevant regarding
dimethacrylate-based resins as their polymerization leads to highly crosslinked
networks, where «monomolecular termination» (or rather radical entrapment/
immobilization) becomes the dominant pathway (Andrzejewska, 2001). A strong
relationship between autoacceleration and radical trapping was also established (Zhu et
al., 1990). This highlights the importance of considering the amount of trapped radicals
when studying the impact of photoirradiation protocols, which to our knowledge, has
never been investigated with clinically relevant irradiation parameters. For that reason,
a work was conducted to test the impact of different curing modes of similar RE (either
6 or 12 J/cm?) but different 7 (150, 300 and 600 mW/cm?) and #, with or without a

delay?>, on concentrations of ReTrapped (Leprince, Lamblin ef al., 2010a - Chapter 7).

From Fig. 27 a and b, both distinct phases of Retrapped concentration decrease
can be observed, as described earlier (3.1.3.): from 0 to 24 h, quick decay?¢ associated
with post-cure volumetric shrinkage (Truffier-Boutry et al., 2006), and from 24 h to 3
months, slower decay assigned to oxidation by atmospheric oxygen (Leprince et al.,
2009 - Chapter 3). To compare Rerrapped concentrations, the period from 5 minutes to 1
day post-cure should be considered, since the ratio of concentrations between curing
regimes remains constant within this timeframe (parallel evolution with time). For
continuous curing modes, the increase in Retmapped concentration following twice the RE,
either by doubling 7 or ¢ (Fig. 27 a and b), can be explained by the creation of a higher
concentration of free radicals (generated by an increase in number of photons), which

are more likely to become trapped (Leprince, Lamblin ez al., 2010a - Chapter 7).

% one second irradiation - 1,2 or 3 min delay - rest of the irradiation

26 Please keep in mind that the scale is logarithmic; with such a scale, the slope of the second phase appears
sharper, but the decay is actually slower than during the first phase.
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Figure 27 - Concentration (in a.u, n = 3) of allylic radical (a) and propagating radical (b) as a function of
time (means +/- SD at 5 minutes, | to 6 hours, | day and | to 3 months — logarithmic scale) for continous-
modes. Due to similar but overlapping profiles, pulse-mode curves are not displayed here for more clarity.

Black lines represent modes of 12 J/cm? and grey lines modes of 6 J/cm?.
(Leprince, Lamblin et al.,2010a - Chapter 7)

However, for similar RE, higher concentrations of Retrapped Were measured for
longer ¢ and lower / (Leprince, Lamblin ez al., 2010a - Chapter 7). This observation is
in apparent contradiction with the reciprocity observed between / and ¢ (ERL) for CQ
quantum yield of photoinitiator conversion (number of converted photoinitiator
molecules per number of absorbed photons) (Chen et al., 2007). However, it cannot be
excluded that the photoinitiating system may become saturated as [ is increased,

resulting in no improvement in the initiation rate (Musanje and Darvell, 2003). Indeed,
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while the 7 in the work by Chen et al. (2007) was limited to 345 mW/cm?, the works of
Munsanje and Darvell (2003) investigated up to 1500 mW/cm?, highlighting that there
seems useless to exceed 1000 mW/cm? in 2 mm increments. Then, even assuming that
the same total amount of radicals are created, it does not necessarily result in the same
number entrapped. This can be explained by considering both types of termination
mechanisms co-existing during polymerization (Lovell et al., 1999): while bimolecular
termination probably prevails during the very initial stages of the reaction,
«monomolecular termination» (or rather radical immobilization/entrapment) dominates
when molecular diffusion becomes limited (autoacceleration) (2.1.2.). There is probably
a loss of a given amount of radicals during the early stages by bimolecular termination.
This loss (or early termination) is higher for high irradiance protocols, as termination is
proportional to [Re]?> (Eq. 2 in 2.1.2.). As a result, at constant RE but higher / and
shorter ¢, the amount of growth centers created during auto-acceleration is lower,
leading to a lower final concentration of Retrpped (Leprince, Lamblin et al., 2010a -
Chapter 7). In other words, the amount of ReTrpped measured in the present work may
provide an indication of the quantity of effective growth centers created during auto-
acceleration. In light of theses results, the use of EPR to measure Rerwapped gives
valuable information on radical immobilization («monomolecular termination»), which
is critical in highly crosslinked systems. It must be underlined that other factors than
irradiation parameters alone could also determine whether exposure reciprocity law
(ERL) holds or not, for example temperature, filler content, or viscosity. This will be

discussed in the next section of this review (2.3.3.).

Regarding pulse-delay modes, no influence of any delay time (1, 2 or 3
minutes with no irradiation) was observed on the concentration of ReTrapped 0 compared
with continuous mode curing with similar RE (Leprince, Lamblin ez al., 2010a -
Chapter 7). However, DC values associated with pulse-delay protocols were lower
than those associated with the continuous mode of similar RE (Dewaele et al., 2009),
which can be explained by differences in polymer chain growth. The initial pulse
probably results in microgels with relatively linear polymer chains (few pendant double
bonds available) (Poshusta et al., 2002; Dewaele et al., 2009) and where most free
radicals probably terminated. During final irradiation, these microgel regions, in which
unreacted double bonds are less available, are certainly less reactive. Therefore, they

may disturb the polymerization reaction compared with a continuous irradiation, leading
66



Literature Review and Major Findings
to reduced DC. However, as discussed above, most of the free radicals are trapped
when propagation becomes diffusion-controlled. Therefore, it might be assumed that the
irradiation parameters at the time of auto-acceleration govern the final amount of
trapped radicals, leading to comparable amounts of Rermppea With or without a delay

(Leprince, Lamblin ez al., 2010a - Chapter 7).

Prospectively, it clearly appears from the results presented in this section that
the measurement oOf Rermpped 1s very useful in further understanding complex

photopolymerization processes.

2.3.3. Is ERL dependent on other factors than irradiation

parameters?

As explained above (2.3.1.), ERL states that different combinations of
irradiance and exposure time provide similar «effect» for a same radiant exposure. The
law was initially proposed for non-dental applications related to photochemistry,
notably in connection with the behaviour of photographic films. In the latter field, the
«effect» expected is the darkening of silver pigments under the action of visible light,
and apparently, ERL holds quite well in general. The case of photography is very
interesting, as it basically depends only on the emitted radiation and the photosensitive
molecules. Each silver grain must indeed absorb a certain number of photons in order
for the reaction to occur and the image to appear. However, even in this seemingly
simple case, reciprocity law failures were reported in case of very high or very low
irradiance. For example, in the latter case, the given number of photons required arrive
one after the other, but over a longer interval. As a consequence, the partial change due
to the first one or two photons is not stable enough to survive before enough photons

arrive to induce a permanent change.

By analogy with photography, the «effect» of light expected in dental resin-
based materials is the creation of free radicals. Hence, ERL should hold if the same total
amount of efficient radicals were created by different irradiation protocols, which was
verified by Chen et al. (2007) by measuring CQ quantum yield of conversion. However,
again in relation with photography, very low or very high irradiances might lead to
reciprocity failures. Notably, as mentioned earlier, it cannot be excluded that the

photoinitiating system may become saturated at very high irradiance, resulting in no
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improvement in the initiation rate (Musanje and Darvell, 2003). Besides, the amount of
radicals created by absorbed photons, i.e. quantum yield efficiency, critically depends
on the photoinitiator type. Hence, ERL should be verified with photoinitiators of
different quantum yield, such as Lucirin-TPO (L) (Neumann et al., 2006). Finally, the
«effect» expected from irradiation of dental resins is not really the creation of an equal
amount of free radicals but rather the build-up of a polymer network with equivalent
properties. Given the specific characteristics of the dimethacrylate network growth
explained above (2.1.2.), it is easily conceivable that the network development not only
depends on free radical creation, but also on the conditions in which radicals are
created, notably temperature, viscosity and filler load. Actually, all the factors that have
an impact on the free radical termination pathway (bi-molecular termination or radicals
immobilization) may influence achievement of reciprocity. In fact, it might be stated
that failure to ERL occurs when the influence of the squared radical concentration can
play a significant part in termination kinetics. This does not occur in two situations:
either when [Re] is very low or when there is no termination at all, which can be due to

free radicals immobilization, spatial confinement, etc.

Currently, few works exist on the impact of these different parameters on the
applicability of ERL, as most work on reciprocity concerned commercial composites.
Regarding viscosity, Feng and Suh (2007) highlighted that photopolymerization of CQ
dimethacrylate-based resins with viscosity higher than 100 - 200 mPa.s, i.e. with a Bis-
GMA/TEGDMA ratio equal to or above a 60/40 mass%, obeyed ERL for DC, while a
resin with a ratio under 40/60 mass% did not. In the latter work, however, intermediate

ratios were not investigated.

In recent work comparing three different / / ¢ combinations of similar RE
(Leprince et al,, 2010b - Chapter 8), the differences in DC observed in CQ-based
70/30 mass% Bis-GMA/TEGDMA resin (from 56.5 to 62.7 %; Table 3), were much
smaller than in CQ-based 50/50 mass% Bis-GMA/TEGDMA resin (from 43.9 to 72.1
%; Table 3). This underlines that a relatively high viscosity can increase the efficiency
of high I protocols, i.e. approach reciprocity, in CQ-based unfilled resins. This is
probably due to a decrease of premature bimolecular termination explained in the

previous section (2.3.2.). The results also support, in accordance with previous literature
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(Peutzfeldt and Asmussen, 2005; Dewaele et al.,, 2009), that for CQ-based materials,

DC is higher at longer ¢ and lower /.

Mode Radiant DC (%) DOC (mm)
Material Irradiance | XPOSUre
Time (s) (W/erm?) (J/em?) Mean ' SD| * |Mean!|SD!| *
US5CQ| 45 400 18 72.1 0.7 ¢ | 182|02| b
US5CQ| 12 1500 18 65.8 /05| e, f| 169 |0.1| ¢
U 55 CQ 6 3000 18 439112 1 144101  d
USSL 45 400 18 76.0 |0.1, b | 9.6 |03 h
USSL 12 1500 18 833 /05| a |[11.8 (02| e
USSL 6 3000 18 85.0 (/03| a |[104 |0.2|g,h
U73CQ| 45 400 18 62.7 |03| g | 19.8|0.1| a
U73CQ| 12 1500 18 589105 h |20.0|03| a
U73CQ| 6 3000 18 56.5 |0.5]/h,i1,j| 183 |0.2| b
U73L 45 400 18 68.8 05| d | 82 [0.2] i
U73L 12 1500 18 73210 ¢ |12.1|04 ¢
U73L 6 3000 18 78.1 106/ b | 102 |04/g,h
F55CQ| 45 400 18 57.6 |0.7| h,i| 10.6 [0.2| g
F55CQ| 12 1500 18 549 109 ; | 10.8 |0.2|f g
F55CQ 6 3000 18 50.8 |0.2] k |10.1 |03|g,h
F55L 45 400 18 62.7 |0.5| g | 3.2 |0.2] k
F55L 12 1500 18 65.2 |25 f,g| 3.7 |0.1]},k
F55L 6 3000 18 68,0 |0.3| d,e| 3.9 |03,k
F73CQ| 45 400 18 493102 k | 114|02e,f
F73CQ| 12 1500 18 447 10.8) 1 |10.1|02/g,h
F73CQ 6 3000 18 484 104 k | 114 |02 e, f
F73L 45 400 18 55.8 |1.5| i,j | 3.7 |03,k
F73L 12 1500 18 543 |1.1| j 43 (0.2 j
F73L 6 3000 18 63.1 |0.8] fig| 42 |0.2] ]
* Similar letters within columns indicate no significant difference (p<0.05)

Table 3 - Results for degree of conversion (DC, %) in |.4 mm thickness samples and depth of cure
(DOC, mm) for unfilled (U) or filled resins (F) cured with different irradiation parameters of similar
radiant exposure. 55 and 73 indicate a 50/50 and 70/30 Bis-GMA/TEGDMA ratio respectively.

L stands for Lucirin-TPO and CQ for Camphorquinone.

(Leprince et al., 2010b - Chapter 8)

In L-based unfilled systems, contrary to CQ-based resins, the DC range
between low and high 7 protocols were comparable for both 50/50 and 70/30 Bis-GMA/
TEGDMA ratios (from 76.0 to 85 % and from 68.8 to 78.1 respectively; Table 3), which
underlines that viscosity has less impact on the reactivity of L-based materials. Besides,
regarding the latter, the trend is opposite to CQ-based materials: higher DC are reached

at higher / and shorter ¢. This can be explained by an increased generation of free
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radicals resulting from the vastly higher molar absorptivity (Leprince et al., 2010b -
Chapter 8) and quantum yield efficiency of L, the latter being about five times higher
than for CQ with a halogen light (Neumann et al., 2006). Hence, despite some possible
radical loss by early recombination evoked in the previous section for CQ-based resins
(2.3.2.), there is probably a much quicker build-up of the polymer network into a gel-
phase, favouring radical entrapment and leading to an earlier onset of autoacceleration.
During autoacceleration, which is characterized by a low termination rate, L-based
materials generate many more polymer growth centers. At high irradiance, this results in
a significantly increased rate of polymerization compared with CQ-systems (Leprince
et al.,, 2010b - Chapter 8), which can compensate time reduction and lead to high DC.
In addition, the influence of temperature must certainly not be neglected. As high rate of
polymerization is associated with a higher and quicker reaction exotherm, it further
improves DC by increasing monomer mobility. DC and maximum temperature reached
were indeed highly correlated for unfilled resins (R? = 0.95; p<0.0001) (Leprince et al.,
2010b - Chapter 8). Hence, it can be stated that resins containing a highly efficient
photoinitiator system such as Luririn-TPO can obey quite well to ERL, even at low

initial viscosity.

Now, in filled resins, the same trends as the ones highlighted for unfilled
materials were observed, i.e. higher DC at longer ¢ and lower / for CQ-based materials,
and the opposite for L-based materials. In both cases, filler inclusion resulted in a
decrease of DC (p < 0.05), except surprisingly, at 3000 mW/cm? for 50/50 Bis-GMA/
TEGMA CQ-based resin, whose filled parent exhibited a significantly higher DC (50.8
versus 43.9 %). Inclusion of filler particules may for example have affected light
scattering properties through the limited specimen thickness (1.4 mm) and/or provided
some insulating effect which improved final conversion of the filled composite. The

reasons of this exception are not clear, and require further investigation.

Regardless of the latter exception, it is very interesting to consider the impact
of fillers on the reciprocal effect of 7 and # in CQ-based materials. Compared to unfilled
CQ-based 50/50 mass% Bis-GMA/TEGDMA resin, for which the DC range was quite
large (from 43.9 to 72.1 %; Table 3), it is striking to observe more subtle DC differences
in the same resin but filled with 75 mass% fillers (from 50.8 to 57.6 %; Table 3),

approaching a reciprocal relationship with respect to / and ¢. This suggests that filler

70



Literature Review and Major Findings
inclusion seems to somehow reduce early bimolecular termination and favour radical
entrapment. This may well be supported by previous findings (Leprince ef al., 2009 -
Chapter 3) demonstrating that trapped free radical concentrations were nearly three
times higher in the organic matrix of a filled composite than in a corresponding unfilled
resin. The explanatory hypothesis proposed in that work was spatial confinement of
radicals in filled resins, preventing their recombination. It could indeed be assumed that
the organic fraction is located in small interstices between inorganic particles, which
could restrict the diffusion of radicals to a relatively small area. But, it could also be
related to an increase in local viscosity, reducing molecular mobility, thereby favoring
monomolecular termination pathway. As mentioned earlier (2.1.3.), Beun et al. (2009)
suggested that the large contact area between fillers and resin probably results in a
significant local increase in viscosity. Consequently, in light of the present results, an
increase of local viscosity of the resin due to fillers may partly explain the better
efficiency of higher irradiance for CQ-based filled materials compared to their unfilled
counterparts. Finally, it cannot be excluded that growing radicals can be immobilized by
bonding to fillers though reaction with silane functions on their surface. Further work is
required to fully elucidate this synergistic effects of filler particles on local resin

viscosity and curing kinetics.

Finally, it must be underlined that DC measurements reported above for CQ-
and L-based experimental materials (Leprince et al.,, 2010b - Chapter 8) were obtained
in 1.4 mm thick samples. However, considering the absorption characteristics of L and
the increased scattering of light of shorter wavelength by fillers, inferior curing depth of
materials that replace CQ with L may be a cause for concern (Price ef al., 2009;
Leprince et al., 2010d - Chapter 6). This was indeed verified (Leprince et al., 2010b -
Chapter 8), as L-based materials exhibit inferior curing efficiency through depth, for
unfilled and even more for filled materials (Table 3). Since L is a colourless
photoinitiator and has been shown to exhibit efficient photobleaching properties with no
absorbance of photolysis products above 360 nm (Stephenson et al., 2008), negligible
light attenuation through unfilled L-based resin might be assumed, although high
exotherm and increasing UV radiation may cause some oxidation and discolouration of
the polymer resin (any oxidative effect was visibly imperceptible following examination
of the cured samples). The more likely explanation for inferior cure depth of L-based

materials is related to the much higher molar absorptivity of L (Neumann et al.,, 2005).
71



Chapter 2

At similar PI concentration, L absorbs many more photons than CQ, which reduces the
penetration of light through depth. The ratio of CQ / amine used in our study (Leprince
et al., 2010b - Chapter 8) was selected as an optimum combination to produce
maximum DC (Yoshida and Greener, 1994) and CQ concentration represented that used
in commercial composites (Taira et al., 1988). An equimolar concentration was used for
L for comparative purposes. However, given the very high polymerization efficiency of
L, its concentration could probably be reduced, thereby improving the depth of cure
(DOC). As for the additional decrease of DOC in filled materials, it is probably related
to increased light scattering at the shorter wavelengths that correspond with the
effective absorption of L (Price ef al., 2009). Though, the effective spectral irradiance of
the curing-unit in the absorption range of L is several times lower than the one of CQ.
As there is a linear correlation between irradiance and DOC (Lindberg et al., 2004), a
higher DOC for L-based materials might be achieved using a higher intensity source

emitting specifically around 400 nm.

In conclusion, some interesting trends have been highlighted in this section:
First, the opposite trend in L- and CQ-based materials - better efficiency at high 7 and
short ¢ for the former, and at low 7 and long ¢ for the latter - and second, the positive
effect of high viscosity and filler inclusion on the efficiency of high / in CQ-based
materials. Obviously, this is only the tip of the iceberg and further works must be
conducted to properly describe the influence on the polymerization kinetics and on
polymer properties of the different parameters evoked in the present section. These
future works and other work perspectives will be described in the next and last part of

this review.

2.4. Perspectives

The present thesis has led to a deeper understanding of the
photopolymerization of dimethacrylate-based dental resins, and opened the door to

innovating approaches, which are promising and should certainly be pursued.

To start with, electron paramagnetic resonance (EPR) spectroscopy is clearly a
very useful tool to study the termination pathway through measurement of radical
entrapment. In particular, this technique provides complementary information to DC

measurement methods (Raman spectroscopy, FTIR spectroscopy) when analyzing the

72



Literature Review and Major Findings
effect of various irradiation modes on the polymerization kinetics. For example, as
illustrated by Fig. 28, Retmpped concentration evolves differently whether RE is increased
through increase of / (¢ = constant - 30 s) or through increase of ¢ (/ = constant - 100
mW/cm?). In the former case, Remmpped concentration plateaus around 6 J/cm?
(corresponding to 200 W/cm?), which indicates that for a given ¢, there is probably a
maximum / above which no additional creation of growth centers can be expected. On
the contrary, an increase of irradiation time leads to an increase of ReTrapped
concentration up to 15 J/cm? (corresponding to 150 s). Moreover, the impact of
photoinitiator concentration is obvious, as doubling the concentration leads to a

significant increase of ReTrpped concentration at each RE.
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Figure 28 - Concentration of propagating radicals (a.u.) as a function of radiant exposure (J/cm2) for 50/50
bis-GMA/TEGDMA mass% resin cured in | x | x 7 mm brass molds.

Besides quantitative information on Rermpped concentration for a given resin
volume, EPR spectroscopy can also provide bi- and tridimensional information on
Retrapped. As illustrated by the 2D-mapping of Retrapped in Fig. 29, EPR imaging can
reveal differences of Retrapped concentration in the thickness of the material depending
on the curing time. Moreover, using spectral imaging, it is possible to recover the EPR
spectrum of each point of the sample, which enables to compare the proportion of
allylic and propagating radicals at different depths (Fig. 30). Very interestingly, their
respective proportions vary with curing depth: while allylic radical concentration slowly
decreases with depth, the concentration of propagating radicals drops sharply around 1
mm depth. According to the increased reactivity of propagating radicals over allyl
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Figure 29 - Cross-section of a 3D-mapping of Retrapped cOncentration (a.u.) in commercial composite Tetric
Evo Ceram® cured with Bluephase G2 at low irradiance mode during 10 s (a) or 40 s (b). Color scale
indicates variations of signal intensity. (Images gratefully from P Leveque, REMA, UCL)
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Figure 30 - Peak height recovered from spectral imaging of allylic and propagating radicals as a
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(Images gratefully from P Leveque, REMA, UCL)
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radicals described above (Leprince, Lamblin ez al., 2010a - Chapter 7), this might be
due to a difference of physical state of the polymer. Given the higher stability of allylic
radicals, it is conceivable that they might persist in a gel state, while the more reactive
propagating radicals would terminate. Hence, EPR spectral imaging could enable to
determine a border between gel and vitrified state. Additional experiments using
techniques such as atomic force microscopy (AFM) or nano-indentation are required in
order to verify this hypothesis by the observation of a significant drop of the elastic

modulus in the resin phase.

A second interesting topic for further research relates to the use of Lucirin-
TPO as photoinitiator in dental resins. The alternative photoinitiator indeed presents
several advantages over the classical CQ/amine system. First, L is a type I Norrish
photoinitiator nature, producing radicals by photochemical cleavage, hence without any

co-initiator (Fig. 31). This would certainly ease the optimization of L concentration,

CH; CH;
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CH; @ CH; \©

Figure 3| - Photocleavage of C-P bond of Lucirin-TPO, forming acyl and phosphony! radicals, which are both
capable of initiating polymerization. (Neumann et al,, 2006)

contrary to CQ/amine systems for which optimization is difficult as both components
must be considered (Musanje et al., 2009). An inappropriate proportion of amine can
not only lead to lower mechanical properties and detrimental yellowing of margins like
CQ, but can also represent a risk of toxicity (Schroeder et al., 2008). For example,
Cimpan et al. (2005) demonstrated that the coinitiator DMABEE?’ was able to induce
cellular death by apoptosis and necrosis, and Seiss et al. (2009) stressed the dose- and
time-dependence of the deleterious effects. The second obvious advantage of L is it
increased curing efficiency, which enables significant curing time reduction thanks to
the use of modern high-irradiance curing lights (Leprince ef al., 2010b - Chapter 8). In
the present thesis, the efficiency of L was tested regarding DC, which was shown to be
significantly higher for L-based materials than for CQ-based ones, regardless of the

curing protocol. However, mechanical properties and solvent sorption need to be

27 4-N,N-Dimethyl amino benzoic acid ethylester
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investigated, as well as shrinkage stress, which might be a source of concern given the
high rate of polymerization of L-based materials. Besides, L-based composites present a
serious drawback: a limited DOC. This needs to be improved to enable the cure of thick
layers (2 mm). As mentioned earlier (2.3.3.), several options should be considered: the
reduction of L concentration, the use of a higher intensity source emitting specifically
around 400 nm, or the adaptation of filler size to reduce light scattering. Nevertheless,
DOC is not a problem in thin layers such as flowable composites and adhesive systems,
and an increase of L concentration might even allow an additional reduction of curing
time and/or irradiance. This could also play a part in the limitation of temperature rise in
the pulp chamber during placement of the adhesive layer, which was shown to be the
most critical step for the pulp (Leprince ef al., 2010d - Chapter 6). Besides, the
interest of L high molar absorptivity is obvious in deep class II cavities or in the root
canal during the placement of adhesive prior to fiber post luting. Ilie and Hickel (2008)
already demonstrated the potential of L to replace CQ in adhesives in terms of DC and
hardness. Hence, further works should now consider bonding performances of L-based

adhesives cured with different curing protocols.

Another interesting area deserving further experimentation relates to the
factors determining whether exposure reciprocity law is upheld or not in CQ-based
resins. Notably, the understanding of the synergistic effects of filler particles on local
resin viscosity and curing kinetics of CQ-based resins requires additional work.
Different curing protocols should be tested on resins of various viscosities (different
Bis-GMA / TEGDMA ratios), in which different ratios of micro- and nano-fillers would
be incorporated. Volume fraction of fillers should be kept constant to test the influence
of larger specific surface area by increasing the nano-filler part. Again, the contribution
of EPR spectroscopy would certainly provide useful information on the extent of

monomolecular termination.

To end up with, speaking of viscosity, another kind of dimethacrylate-based
resin would be really worth investigating. Dewaele et al. (2010) recently investigated
resin formulations containing hyperbranched polymers (HBPs)?® in order to reduce

volumetric shrinkage. In the latter work, it was observed that the higher the HBP

28 The resins contained 5, 10, 20, 30 and 40 mass% of HBPs, combined with Bis-GMA and TEGDMA in
equivalent mass percentages; they were compared to a 50 / 50 mass% Bis-GMA / TEGDMA resin.
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content, the lower the volumetric shrinkage. This is explained by the increased size of
such molecules, which consequently decreases the number of double bonds per unit
volume of resin matrix (Dewaele ef al., 2006). DC was generally not affected, and an
increase in elastic modulus was even observed up to 20 mass% of HBPs (Dewaele et
al., 2010). Very interestingly, despite the high molecular weight of HBPs, their addition
to Bis-GMA / TEGDMA mixtures induced a lower-than-expected increase of the resin
viscosity. For example, considering resins containing 30 mass% TEGDMA, the
viscosity of resins containing HBPs (30 mass% Bis-GMA / 40 mass% HBPs) was lower
(0.99, 1.33 or 2.15 Pa.s, depending on HBP type) than the corresponding 70 / 30 mass%
Bis-GMA / TEGDMA resin (2.29 Pa.s - Beun et al., 2009). Hence, once mixed to Bis-
GMA / TEGDMA, HBPs seem to behave more like a diluent, contrary to what was
expected given their high molecular weight. As a result, their amount might be
increased as a replacement of TEGDMA, thereby possibly reducing volumetric
shrinkage even more. Moreover, given the importance of viscosity on resin reactivity of
CQ-based resins, the applicability of ERL needs to be tested on HBP-based resins,
either unfilled or filled. In addition, it is certainly worth testing the efficiency of
Lucirin-TPO as a photoinitiator in these systems, which could compensate for higher

shrinkage stress that may be feared with L.
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Kinetic study of free radicals trapped in dental resins stored in different environments

3.1. Summary

In this work, we followed by EPR (Electron Paramagnetic Resonance) the
decrease kinetics of free radicals trapped in an experimental resin (ER) and in a
commercial composite (Charisma® - Ch) stored in different conditions (air — 25 and
37°C, argon, oxygen and water — 25°C). During the first day, the decay was fast (0 to
24h - rate of decay of allylic radical: 1700 to 1000a.u. for Ch, 1700 to 1500a.u. for ER)
and the storage conditions had no influence on the kinetics. This phase was assigned to
a post-polymerization phenomenon. From lday to 1month, the rate of decay depended
on the storage environment. In argon, free radicals were quite stable (1day to 1 month —
rate of decay of allylic radical: 1200 to 1000a.u. for Ch, 1400 to 1200a.u. for ER). For
the other storage environments, in ER, the rate of decay was higher in water, then in
oxygen and in air (1day to 1 month — rate of decay of allyl radical: 1400a.u; to 100, 500
and 800a.u. respectively). In Ch, free radicals faded quicker than in ER, as undetectable
levels were reached before 1month, which attests the influence of fillers on radical
decrease kinetics. Heating experiments were also performed, and free radical
concentrations decreased faster at higher temperatures, especially above the glass
transition temperature. In conclusion, ambient oxygen is mainly involved in the free
radicals termination process. Therefore, conditions influencing oxygen diffusion have

an impact on radical kinetics as well.
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Kinetic study of free radicals trapped in dental resins stored in different environments

3.2. Introduction

Free radicals are created during the photopolymerization of methacrylated

dental resins. Some terminate by encountering other radical species, but others become

trapped by vitrification of the system [1, 2, 3]. A work studying the reaction mechanism

and comparing experimental EPR (Electron Paramagnetic Resonance) spectra with

simulated ones resulted in
the identification of two
free radical species [1].
The first one, a propagating
radical (Fig. 1a), gives rise
to 9 weak and broad peaks
on the EPR spectrum and
the second one, an allylic
species (Fig. la), to 5
strong and sharp peaks.
Both spectra superimpose,
resulting in an "overall" 9-
line spectrum with peaks of
alternated intensities (Fig.
1b). As these free radicals
are trapped in the solid
matrix, they cannot
recombine and the 9-lines
ESR spectrum persists
during a period ranging
from a few days to a few
months depending on the

storage conditions.
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Figure | - a) chemical structure of both trapped radical species

(R represents either an end group or a connection to the network);

b) 9-line EPR spectrum of the experimental resin after

polymerization; assessment of the respective intensities of both radical
species by the measurement of the two peaks indicated by two lines,
plain for the peak corresponding to the allylic radical and dotted for

the one corresponding to the propagating one respectively.

The fate of these trapped radicals during the first 24 hours after photocuring

was investigated in a previous publication [4]. In this paper, an exponential decrease of

the concentration of both trapped free radicals was observed. This was assigned to the

shrinkage phenomenon linked to the free-volume relaxation in the organic matrix,
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resulting in increased proximity and mobility of the chemical species. In this way,
recombination of radicals can occur, either by bimolecular termination or due to
reactive diffusion. As a result, an increase of the degree of conversion (DC) was
measured (2%) during the 24h after photocuring. However, this effect is limited, as no
additional change in DC was observed from 24 to 48h. This may be due to the end of
the free-volume relaxation and/or to the influence of oxygen [5, 6], competing with
additional propagation. For that reason, the long-term kinetics of decrease of the
trapped free radicals must be analyzed, as well as the impact of different storage

environment.

To begin with, the effect of atmospheric oxygen on the trapped free radicals
surely has to be taken into account. Generally speaking, the reaction of oxygen with
free radical species is indeed very likely. For example, during the polymerization
process, it acts as an inhibitor by reacting with the radicals created by irradiation [7],
ending in the creation of an inhibition layer at the surface of the composite [8].
Regarding trapped free radicals, the impact of oxygen has also been established [5, 6,
9]. Moreover, the follow-up of free radical fading by EPR was previously used to
determine the diffusion coefficient of oxygen in the bulk of polymers [10]. Besides
oxygen, other substances of the oral environment such as water [11, 12] or saliva [13,
14] can also interact with the organic matrix, which could have an impact on free
radical decay. For example, saliva can cause damage e.g. through the reaction of
enzymes with compounds of the organic matrix. The rate of these different reactions
increases with temperature [2, 12, 15], which is thus another interesting parameter to
take into account. In this work, the effect of different storage conditions on free radical
kinetics of decrease was studied: two different temperatures, i.e. 25°C (ambient) and
37°C, and 4 environments (water, argon, air and oxygen) were investigated. An
experimental resin (ER) and a commercial resin-composite (Charisma® - Ch) were both

used to study the impact of inorganic fillers on free radical decay.
3.3. Materials and Methods
3.3.1. Materials

The commercial resin-composite studied was Charisma® (A3, batch n

°090054, Heraeus Kulzer, Dormagen, Germany). The organic matrix represents about
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36 vol% of the dental composite, and the mineral fillers the remaining 64 vol%. For
that reason, free radical concentration of Ch (assessed by EPR intensities) can be ratioed
to the organic content using a multiplication factor of 100/36 (or 2.78) in order to
compare them adequately with radical concentrations in pure resin samples. Besides
inorganic fillers, Ch was found to contain Bisphenol A Glycidyl diMethAcrylate (Bis-
GMA) and TriEthylene Glycol diMethAcrylate (TEGDMA) in a weight ratio close to
70:30%. It also includes an initiator system (camphorquinone — CQ), pigments and

antioxidants in undetermined concentrations.

In order to imitate the organic phase of the Ch, the experimental resin used in
this work was a mix of Bis-GMA (Heraeus Kulzer, Wehrheim, Germany) and
TEGDMA (Aldrich, Belgium) in the same 70:30 wt% ratio, with an addition of 1 wt%
of photoinitiating mix, 1.e. CQ (97% Camphorquinone, Aldrich, Belgium) and DABE
(97% N,N-Dimethyl-p-AminoBenzoic acid ethyl Ester, Aldrich), both with 0.5wt%.

3.3.2. Preparation of samples

The resin was inserted in moulds of 25 x 2 x 2 mm and the samples were
photopolymerized with the light Translux Energy (Heraeus Kulzer, Dormagen,
Germany) used under conventional mode with an irradiance of 900 mW/cm?. Four
irradiations of 40 seconds each were performed on both sides of the sample in order to
cover its full length and to insure optimum polymerization. The degree of conversion of
the samples was assessed by Raman spectroscopy [4]. After the light cure, the samples
were removed from the mould, inserted in an EPR tube, and immediately analyzed. The
samples were then removed and stored in opaque vials in different storage conditions.
They were periodically recovered (after 2, 4, 6, 24 hours, 1, 2, 3, 4 weeks) for analysis.
A replacing device was used to ensure an identical position of the sample in the EPR
cavity for each measurement, enabling the accurate long-term comparison of the peak
intensities.  Thereafter, the samples were reintroduced in their specific storage
environments, i.e. air (25 and 37°C), argon, oxygen, and water. For air storage, a steam
room was used to maintain a constant temperature of either 25 or 37°C. For the
analyses under argon or oxygen, samples were stored in a glove bag where argon or
oxygen atmospheres were maintained. As for water storage, the samples were placed in

a thermostatic bath.

95



Chapter 3

EPR analyses were also performed to study the effect of temperature increase
on free radicals decay. For those experiments, the resin samples were placed in the
spectrometer, where temperatures were increased by steps of 5°C. A JEOL JES-VT-3A

system stabilized the temperature during 10 minutes before each EPR measurement.
3.3.3. Characterization

EPR spectra were recorded by JEOL JES-RE 2X spectrometer, equipped with
an ES-UCX2 cylindrical cavity. Given that the width of the peaks did not significantly
vary with time, it was considered as a constant. Therefore, the evolution of the free
radial concentrations was assessed by the measurement of the height of the peaks of
interest. The magnetic field was centered on 334,9 or 336,1 mT, which corresponds to
the position of peaks belonging to the part of the spectrum due respectively to
propagating and allylic radicals (Fig. 1b). Other settings were: microwave frequency,
9.4616 GHz; microwave power, 0.5 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.1 mT; scan range, 0.01 mT; scan time, 120 s; receiver gain, 20; time
constant, 0.01 s. For all observations, the microwave irradiation power and the
modulation amplitude were set to avoid signal saturation and were kept constant. The
scan range was limited to the lowest value so that the decrease of the signal could only
be attributed to the kinetic effect. A calibration of the magnetic field was operated
before each measurement using a reference signal coming from Mn2+ (calibration
sample from JEOL). All data were treated with the JEOL "Esprit330;01.521version"

software. Five samples per storage condition were analyzed.
3.4. Results

Degree of conversion calculated by Raman spectroscopy was 62% for the
experimental resin samples and 50% for commercial composite Ch. Hence, the amount
of remaining double bonds is 38 and 50%, respectively, which includes pendant double
bonds as well as free monomers. Figure la presents the chemical structure of both
radical species and Figure 1b is an image of the 9-line spectrum obtained by EPR
analysis of the dental resins. Note that the shape of the spectrum is identical for both
materials, i.e. ER and Ch. From the observation of the spectrum, it is clear that the
relative concentration of propagating radicals is much smaller than the one of allylic

radical. Figure 2 presents the change in concentration of both radical species in ER and
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environment. In argon,

free radicals were stable and for the other storage environments, the rate of decay was
higher in water, then in oxygen and in air. In Figure 5, the same results are displayed
but for Ch. Even if the stability of the signal in argon is confirmed, the results for the

three other environments are less clear. The rate order changes to water < air < oxygen.
3.5. Discussion
3.5.1. General considerations

In all the measurements, the initial signal intensity (at to) was much less
intense for propagating radicals than for allylic ones. This is not surprising as the latter
are products of transfer reactions and do not propagate but accumulate during the
polymerization while propagating radicals are the true active species, undergoing
initiation, propagation and termination unless their further reaction is limited by

vitrification.
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kinetics of decrease

from 1 day to one month will be discussed hereunder.
3.5.2. Temperature
3.5.2.1. Influence of storage temperature

Increasing the storage temperature from 25 to 37°C for ER barely has any
effect on radical decay, but there is a slightly faster decay at 37°C for Ch (Fig. 2a an
2b). Two hypotheses can be proposed to explain the impact of the storage temperature

on the radical decay.

Firstly, this temperature effect could be related to the glass transition
temperature. As reported in a previous publication [4], the glass transition temperature
(Tg) of such an organic matrix is close to 55°C. The storage of the samples at higher

temperatures closer to Tg could increase the molecular mobility in the matrix, which
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should allow radical recombination to occur. However, the increase of mobility below
Tg is probably rather low as the system remains in a vitrified state. Moreover, this is
insufficient to explain the differences observed between Ch and ER as regards the

storage temperature.

A second possible explanation of the effect of storage temperature can be put
forward using diffusion phenomena. It is well known that the diffusion of a substance
into a material depends on the temperature. In this case, it could be possible that a small
molecule diffuses into the polymer network and induces radical termination either
directly or after intermediate reactions. While this (these) hypothetic reaction(s) has(ve)
not yet been identified, the influence of storage temperature is obviously an argument in
favor of the second hypothesis [13]. The nature of the reaction at stake will be
discussed further when we deal with the different storage atmospheres. Contrary to the
first hypothesis, this second one gives an explanation for the differences between Ch
and ER as the presence of fillers can disturb the reaction(s) at stake, for example

diffusion, as explained further.
3.5.2.2. Heating experiments

Temperature analyses have been performed by a follow-up of the EPR signal
intensities while gradually heating the samples from 20°C to 120°C (Fig. 3). In both
cases (ER and Ch), increasing temperature accelerates the decay of radical species, as it
was already shown in a previous publication [15]. Again, the two same hypotheses can
be proposed. To begin with, a discontinuity was observed in the evolution of the allylic
radical concentrations (Fig. 3). EPR peak intensities decrease rather slowly under 50°C,
while they drop at higher temperatures. This temperature value is interestingly close to
Tg of the material determined by DMA (Dynamic Mechanical Analysis), i.e. 55°C [4],
which indicates that Tg undoubtedly plays a part in free radicals decay in these
experiments. As observed in DSC experiments (Differential Scanning Calorimetry) on
polymers, the polymerization reaction indeed restarts at temperatures above Tg. At
those temperatures, the increase in molecular mobility allows radical recombination
[16] as well as additional propagation [17]. This latter effect can also account for
radical termination due to reaction-diffusion. On the other hand, below Tg, the system
is frozen due to vitrification. It is thus quite unlikely that an increase in temperature

below Tg could create enough mobility for radicals to terminate, either trough simple
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diffusion or by reaction-diffusion. However, Fig. 3 shows a slow free radical decrease
even under Tg. As stated before, this is in favor of the implication of another chemical
reaction in the termination process, as heating affects the diffusion of small molecules
into the polymer network [15]. In any case, temperature is clearly an important factor

involved in the termination of the free radicals trapped in dental resins.
3.5.3. Storage environments

As shown in Fig. 4 and 5, storage environment influences the decrease rate of
radical concentrations. In these experiments, sample temperature was kept constant at
25°C to limit thermal influence on molecular mobility. During the first phase of the
kinetics (0 to 24h), the storage conditions had no influence on the kinetics. This phase
was assigned to a post-polymerization phenomenon, i.e. free volume relaxation [4],
which is physical phenomenon and is not affected by the storage environment
investigated. Moving on to the period from 1 day to 1 month, the decrease rate of free
radical concentrations is very different according to the environment, and discordances

are also perceptible between the experimental resin and the commercial composite.
3.5.3.1. Unfilled resin

For samples stored in argon, the decay is very limited. By contrast, this
decrease rate is very high in oxygen, and even higher in water. Free radical
concentrations in samples stored in air decrease at intermediate rates (Fig. 4). In the
time range investigated in the present paper (from 1 day to 1 month), no physical
phenomenon can be invoked [4]. On the contrary, reactions with species coming from
the external environment are most likely involved. As it can clearly be seen on Fig. 4,
the presence of oxygen is the determining factor of radical decay. It is confirmed by Li
et al. [18] who observed no decay of the trapped free radicals over a two-year period in
the absence of oxygen (room temperature). This undoubtedly denotes the occurrence of
an oxidation reaction in dental resins from 1 day to 1 month after photopolymerization.
As the uptake of oxygen in polymers is diffusion controlled [10], this supports the
second hypothesis evoked earlier, referring to an Arrhenius-type reaction to explain the
influence of temperature. Nevertheless, while an oxidation reaction is probably at stake,
the exact chemical process has not been clearly brought to light yet. According to a

theoretical explanation based on the high reactivity of free radicals, a possible initial
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reaction could be the formation of peroxide radicals by the addition of oxygen on the

trapped free radicals (Eq. 1):
Re + 02 — ROO- (1)

For example, Kaptan et al. [13] followed the decrease of the trapped radicals
by EPR but suggested that it would be the same to measure the increase of peroxyl
radical signal with time. The results of Pavlinec et al. [5, 6, 9] support the formation of
hydroperoxides to explain the decay of trapped free radicals. However, peroxyl radicals
were never observed during the experiments of this study. Kloosterboer et al. [19] did
not observe any EPR signal for peroxide radicals either. This may be due to their high
reactivity and/or to the impossibility to simultaneously observe the EPR spectra of both
trapped radicals (allylic / propagating) and peroxide radicals under the same setting
conditions.  The fate of peroxyl radicals could depend on their reaction with
hydrocarbon species (R'H), which could for example come from the external

environment (eq. 2):
ROO+ +R'H — ROOH +R's (2)

Highly mobile low molecular mass R's radicals would rapidly terminate by

recombination or disproportionation.

Besides the differences between argon-, oxygen- and air-storage, the effect of
water on free radicals is of particular interest, as dental resins are permanently exposed
in vivo to an aqueous environment, i.e. the saliva in the mouth. It was observed (Fig. 4)
that the radical concentration in water-stored samples decays even faster than in oxygen
(for ER). As mentioned by many authors [11, 20, 21], water sorption results in a
swelling of the polymer. In a way, the effect of water is similar to the temperature effect
developed earlier: the polymer expansion increases molecular mobility, reduces Tg and
leads to a faster diffusion of oxygen. As a result, free radicals disappear faster.
Sideridou et al. [11] suggested a dual mode-theory assuming that the amount of sorbed
water molecules in a resin in glassy state can be divided into two populations. The first
one is a molecular dissolution of water in the polymer matrix, which applies to volume
fractions of the network in equilibrium state. The second one is the trapping of water

molecules in polymer frozen microvoids in the polymer fraction that is in a non-
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equilibrium state. As the latter group does not cause the swelling of the polymer, only

the first molecular population is of interest here.
3.5.3.2. Filled resin

Concerning the kinetic results in Charisma® (Fig.5), even if the stability of the
signal in argon is confirmed, the results for the three other environments are less clear.
The decrease rate of the radical concentrations is still clearly higher in air and even
more in oxygen than in argon (Fig.5). However, the kinetic curve of samples stored in
water shows a decrease rate surprisingly lower than in air. The reason could be the
presence of inorganic fillers in Ch, which can influence the sorption phenomena by the
presence of interfaces. For instance, Riittermann et al. [22] compared two experimental
composites, one microhybrid and the other nanofilled, in terms of water sorption. The
nanofilled composite was found to absorb nearly two times more water than the
microhybrid of same volumetric filler content and same organic matrix. Moreover, a
preferential affinity of water to fillers and/or silanes compared to the organic matrix
could be responsible for the different effect of the water storage. Finally, only the effect
of oxygen is confirmed for Charisma® (stability in argon) and further experiments on
filled resins are required to highlight the differences between water-, air- and oxygen-

storage.
3.5.4. Influence of fillers on free radical decay in air

Comparing the results in Ch (Fig. 5) and in ER (Fig. 4), EPR intensities are
nearly the same. Nevertheless, free radical concentrations in Ch have to be corrected by
a 2.78 multiplication as organic matrix only represents 36% of its volume. Hence, after
this correction, initial concentrations in Ch are nearly 3 times higher than in ER
(without fillers). This can be due to the spatial confinement of the radicals in
Charisma® which leads to increased radical lifetime [23]. Indeed, due to the high filler
content in Ch, the organic fraction is located in small interstices between inorganic
particles and the diffusion of the radicals attached to the polymer chain is thus spatially
restricted to a relatively small area. Hence, the rate of radical-radical termination
reactions is very low during the polymerization process, as the radicals reach each other

with great difficulties.
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That being said, the radical kinetics of decay in Ch and in ER can be compared
in Fig. 2. It is clear that the rate of decay is much higher in the commercial material and
this is the case from the very beginning of the kinetics. Two reasons can account for it.
Firstly, as more unreacted double bonds remain in Ch after irradiation (50% to 38% for
ER), there are also statistically more free monomers. During free volume relaxation,
this additional amount of free monomers can account for a greater reactive diffusion,
leading to a quicker termination of trapped free radicals during the free volume
relaxation. Secondly, as stated before, the organic-inorganic interface can influence the
sorption phenomena. Moreover, Burtscher [17] already observed that fillers
significantly altered free radicals half-life: at constant temperature, their half-life was
shown to depend on the type of filler, the filler fraction and their surface treatment.
Burtscher concluded that filler surface had a catalytic effect on radical decay while
surface coating reduces this effect. Ottaviani et al. [2] also observed that inorganic

fillers accelerated the radical concentration decrease.
3.6. Conclusion

The incomplete conversion of dental polymers due to vitrification is a well-
known problem in the field of dental resins. The persistence of reactive species in the
materials has been the subject of numerous publications, especially concerning free
monomers that can cause tooth pulp damage, mucosal irritation, contact dermatitis and
allergic reactions [24]. In the same way, the aim of the present work was to study the
behavior of free radicals, i.e. another important species regarding both biocompatibility
and material properties. Several factors influence the decay of free radicals trapped in

dental resins, and some of them were investigated in this work.

First, the filler content and/or coating has an impact on both initial
concentration and decrease kinetics of free radicals. Further studies are required to
confirm it, but these effects must undoubtedly be taken into account given the

permanent evolution of filler technologies.

Second, the long-term radical termination clearly depends on the presence of
oxygen. Its effect is promoted by factors likely to increase molecular mobility such as
temperature rise or swelling by solvents, i.e. water in this case. A higher mobility

indeed promotes oxygen diffusion in the polymer.
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Finally, some aspects must still be investigated in the fields of free radicals.

For example, the influence of resin formulation or light irradiation on free radicals
concentrations should provide valuable information. Furthermore, the leaching capacity
of free radical species from the bulk to the oral environment should also be examined.

These perspectives draw the lines of future publications.
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4.1. Summary

It is well known that polymeric free radicals remain trapped inside dental
resins for a long time after photopolymerization. Moreover, although these high
molecular mass compounds have very limited mobility, there is evidence to suggest that
they disappear progressively over time. The purpose of this study was to provide new
experimental data to help understand this phenomenon. To determine whether low
molecular mass free radicals are released by dental composites stored in hydrophilic
media, we used electron paramagnetic resonance (EPR) spectroscopy to perform spin-
trapping experiments on experimental and commercial samples stored in ethanol. Under
these conditions, ethoxy radicals were produced. Further experiments demonstrated that
hydroxyl radicals were firstly released from the methacrylated resin and secondly that
they reacted with ethanol molecules to produce ‘“secondary” ethoxy free radicals. In
addition to the well-known monomer toxicity of methacrylated resins, we may have

identified a new source of concern for these biomaterials.
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4.2. Introduction

Resin composites, made of

inorganic fillers within an organic Propagating Radical Allylic Radical
(R.Propag.) (R.Allyl.)
. . CH3 CH
matrix, are widely used for dental / A
CHy—C CH='C
. . . AL NIPAN SERNIPAN
restoration. The organic matrix is ﬁ R ﬁ R
.. . (a) o 0
produced by a photoinitiated radical

copolymerization of dimethacrylate -
3
monomers. Light induces crosslinking of 8
>
the difunctional monomers, which 'z,'
[
progressively leads to the vitrification of |5
the material. As a result, two kinds of g
o
free radical are trapped in the network: &
w
Allylic and propagating radicals (Fig. 1)
: —_—
[1]. It is well known that these (b) Magnetic Field (mT)
compounds can remain stable for several Figure | - (a) Chemical structure of both trapped
. radical species (R represents either an end group or
months in the polymer network [2-4]. a connection to the network). (b) Nine-line EPR
. spectrum of the experimental resin after
Nevertheless, they disappear more or less polymerization. Plain line on the spectrum

. . corresponds to the position (allylic radical) where
rapidly, depending on the storage the intensity was measured for kinetic experiments.

environment, until they reach

undetectable levels on electron paramagnetic resonance (EPR) spectroscopy [5, 6]. For
instance, Leprince ef al. [7] recently investigated the fate of the trapped free radicals in
dental resins stored in water, air, oxygen or argon. They demonstrated that the rate of

disappearance decreased in the following order: Water > oxygen > air > argon.

Given the macromolecular dimensions of these trapped free radicals, their
mobility into the polymeric network is strongly limited by entanglement and they
cannot diffuse out of the resin. The decrease in trapped free radical concentration can,
therefore, only be explained by radical reactions (distinct from typical methacrylate
photopolymerization) occurring within the resin. It is then important, especially from a
biocompatibility viewpoint, to know whether these reactions can produce and release
mobile secondary free radicals into the environment. It has already been demonstrated
that unconverted monomers are cytotoxic and can have harmful effects [8, 9]. For

instance, they can induce tooth pulp damage, mucosal irritation, contact dermatitis and
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allergic reactions [10]. Similarly, local release of free radicals could be another source

of concern.

There are relatively few publications devoted to the stability of trapped free
radicals in dental materials, and most of them have focused on the study of
postpolymerization (or dark polymerization) [2, 5, 11, 12]. The latter reaction occurs
when the illumination is stopped and the resin stored in the dark. In this case, a slow
decrease in the concentration of trapped free radicals can be observed due to termination
phenomena (the rate of which depends on the crosslink density and on the storage

temperature) associated with a certain increase in the degree of conversion [2, 6].

In addition to postpolymerization effects, Leprince et al. studied the impact of
the storage environment on the kinetics of the trapped free radicals [7]. Twenty-four
hours after irradiation, oxidation was the main phenomenon involved in the decrease in
radical concentration. Moreover, conditions influencing oxygen diffusion inside the
polymer network (e.g., swelling in solvent) have an impact on radical kinetics. This
effect of atmospheric oxygen was also noted by Pavlinec et al. [4]. Nevertheless, the
exact mechanism involved has not yet been described. A generally accepted first step of

the reaction leads to the formation of peroxyl radicals (Eq. 1):
Re+ 02 — ROO- (1)

Unfortunately, most studies have not detected these species by EPR
spectroscopy despite the fact that evidence of the existence of peroxides has been
published [7]. For example, Pavlinec ef al. [4] recently noted, using
chemiluminescence, that accumulation of these compounds occurred concomitantly
with trapped free radical decay. Leprince et al. [7] hypothesized that low molecular
mass radicals may terminate trapped species by recombination or disproportionation. In
line with this hypothesis, Lee et al. [13, 14] proposed that hydroxyl radicals could be
released by hydroperoxidation of the methacrylated double bonds. If this hypothesis is

valid, spin-trapping experiments are required to detect the hydroxyl radicals.

EPR spectroscopy and, more precisely, spin-trapping methods indeed enable
the detection and identification of unstable free radicals [15, 16]. This technique was
first employed in the 1960s and has become increasingly popular because of the key

role of radicals in many biological mechanisms and in deleterious processes in disease
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and ageing [17]. An unsaturated non-radical (diamagnetic) molecule, M, called the spin-
trap, reacts with the unstable free radical, Re. The product, called the spin-adduct, M-Re,
has a longer half-life than Re [18, 19] allowing its detection by EPR. The hyperfine
constants of the adducts (M-Re) are characteristic, enabling them to be identified.
Nevertheless, due to the variable half-lives of spin-adducts, which depend on many
parameters (nature of the trapped free radical and spin-traps, solvent, pH, temperature
etc...), detection may be more or less difficult. Typical spin-traps are nitroso
compounds, like 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) or phenyl-butylnitrone
(PBN). Currently, research is being conducted to synthesize new spin-traps with longer
spin-adduct half-lives [20, 21]. For instance, the spin-traps 5-ethoxycarbonyl-5-
methyl-1-pyrroline N-oxide (EMPO) and 5-diethoxyphosphoryl 5-methyl-1-pyrrolyne
N-oxide (DEPMPO) have been synthesized recently [22-25].

The objective of the present article was to assess the potential release of free
radicals from dental resin using spin-trapping methods. Ethanol was used as a solvent
for immersion as it induces better swelling of methacrylated polymer than water, thus
maximizing the diffusion of species in and out of the material. Because of the long half-
lives of their spin-adducts, EMPO and DEPMPO spin-traps were chosen to characterize

the free radicals released.
4.3. Materials and Methods
4.3.1. Sample preparation

Experimental dental resins were prepared from a blend of Bisphenol A
Glycidyl diMethAcrylate (Bis-GMA, from Heraeus Kulzer, Dormagen, Germany) and
TriEthylene Glycol diMethAcrylate (TEGDMA, from Sigma-Aldrich) in a 70:30 weight
ratio. A photoinitiator system (1% by weight of camphorquinone and tertiary amine
obtained from Sigma-Aldrich) was added to initiate the polymerization. Point 4 (Kerr,
Orange County, USA) was used as the commercial resin composite, which contains
inorganic fillers. The resins (experimental or commercial) were inserted in moulds (7
mm long, 1 mm wide, 1 mm thick) and photopolymerized with a visible light device,
“Curing Light XL 3000” (3M-Espe,St Paul, MN, USA). A constant intensity of 450
mW/cm? was applied for 40 seconds to one side of the samples. The mould not only

allows the same sample geometry to be used for each experiment but also for the same

115



Chapter 4
amount of resin to be placed in the EPR cavity. These dimensions were chosen to ensure
that the full area of the sample was covered by the diameter of the optic fiber of the

lighting device.
4.3.2. EPR spectroscopy

The X-band EPR spectra were recorded at room temperature, using a
Magnettech MINISCOPE MS200 spectrometer, equipped with a rectangular cavity
(TE102). For kinetics experiments, the following instrument settings were applied:
Magnetic centre field, 336.7 mT; microwave frequency, 9.5 GHz; microwave power, 0.5
mW (23 dB); modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; field
sweep 19.8 mT, sweep time, 120 s; receiver gain, 100. For the spin-trapping
experiments, all the parameters were identical except the sweep and centre of the
magnetic field, which were adjusted to 9.8 mT and 335.6 mT, respectively. For all
observations, the microwave irradiation power and the modulation amplitude were set
to avoid signal saturation and were kept constant. Three samples were analyzed for each
experimental condition. Except for experiments with reduced oxygen pressure, the
linewidth of the spectra was constant. The radical concentration could, therefore, be
assessed by measurement of the peak height. In cases where the linewidths changed, the

free radical quantity was determined by the double integration of the peaks.
4.3.3. Kinetics of decay of trapped radicals in ethanol and water

Experimental samples were removed from the mould and inserted in an EPR
tube for measurement five minutes after the end of the illumination process to ensure
the same zero time for all kinetics analyses. Then samples were stored in the appropriate
environment, ethanol or water, in the dark, at 25°C. The EPR spectra were recorded at
different times after photopolymerization until complete extinction of the EPR signal

intensity.
4.3.4. Spin trapping experiments
4.3.4.1. Spin-adduct detection with EMPO and DEPMPO

An average of 30 minutes after photopolymerization, two rods of resin were
immersed in ethanol (170 pL, HPLC grade, Sigma Aldrich) which contained dissolved
EMPO or DEPMPO (50 mM, Alexis Biochemicals) spin-traps. The presence of spin-
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adduct peaks was noted 15 minutes after immersion by sampling the spin-traps solution
with a capillary tube. For the kinetic study of released free radicals, the measurement
was extended to 1 and 2 hours. The content of the capillary tube was replaced in the
spin-traps solution after each ESR measurement. The intensity was determined by

measurement of the first peak of the spectrum.

Additional experiments were also performed with 3 month old rods instead of
freshly polymerized ones. For experiments under limited pressure of oxygen, nitrogen
gas was bubbled in the pure unpolymerized resin and in the ethanol spin-trap solution
prior to photopolymerization and EPR analyses, respectively. To assess the possible
effect of methacrylated double bond concentration on the detection of spin-adducts,
three polymethylmethacrylate (Oroglas,) rods or unpolymerized resins were introduced

in place of the two freshly photopolymerised rods.

Three specific reactions were performed with EMPO only. Firstly, some
experiments were performed with methanol in place of ethanol for spin-adduct
detection. Secondly, a Fenton reaction was conducted by adding FeCl2 (1 mM, Acros)
to ethanol containing EMPO (50 mM) and H202 (1 mM, Merck). Finally, a hydroxyl
radical scavenger, N,N-dimethylthiourea (50 mM, Sigma Aldrich), was introduced at a

given time in the spin-trapping kinetics experiments.
4.3.4.2. Spectrum simulation

Computer simulations were performed using hyperfine constants found in the

literature. Matlab software was used and upgraded with the "Easyspin toolbox".
4.4. Results
4.4.1. Kinetics of decay of trapped free radicals in ethanol and water

It can be observed in Fig. 2 that the free radicals trapped in the dental resins
disappeared much more quickly in ethanol than in water. In ethanol, the rate of decrease
of free radicals was nearly linear in the logarithmic representation and complete
extinction is obtained after four days. In water, two steps could be clearly identified in

the kinetics and the EPR signal was undetectable after a few months.
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Figure 2 - Change in the concentrations of the trapped allylic radical over time for
experimental dental resin stored in water or ethanol. Time is presented on a logarithmic scale.

4.4.2. Spin-trapping experiments in ethanol
4.4.2.1. Free radical release by dental resin

The signal obtained with EMPO for experimental resins is shown in Fig. 3a.
This six peak signal has the following characteristics: Peaks are fairly broad and the
hyperfine constants are aN=1.29 mT and aH=0.68 mT. A similar signal was obtained
with methanol as a solvent, i.e. a six peak signal with approximately the same hyperfine
constants: aN=1.31 mT, aH=0.71 mT (data not shown) corresponding to MeO- radical.
This is in accordance with previous work [26], and contrary to what was initially
expected, did not enable to directly detect hydroxyl radical spin-adducts. The same

signal was obtained with a commercial resin, Point 4 (Fig.3b). These characteristics are

Radical  spin-trap  trans/cis aP(mT) aN(mT) aHf (mT) aHy(mT) source reference
Fenton system in .
EtOe EMPO — 1,265 0,685 — this work
ethanol
dental resin i
EtOe EMPO - 1,29 0,68 - entatresinin this work
ethanol
trans 50% — 1,375 1,088 — Fenton t
EtOe EMPO enton type 126]
system
cis 50% — 1,375 0,808 -
"
EtOe DEPMPO 4,56 1,27 0,5-0,7 - dental resin in this work
ethanol
trans 85% 4,621 1,296 0,69 — NO® bubbling i
L]
EtOe DEPMPO useIne (27]
EtOH
cis 15% 3,824 1,307 0,782 —

Table | - Comparison of the EPR parameters of ethoxy radicals trapped by EMPO and DEPMPO
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similar to recently published values [26] for ethoxy radicals (EtOe), spin-adducts of
EMPO (Table 1), and were used to simulate a spectrum (Fig. 3c), which was very close
to the experimental one. Finally, Fig. 3d shows the EPR spectrum of EtOe produced by

the Fenton reaction, which was very similar to both experimental and simulated spectra.

(@) A A A

(b)MWMAVMW

() —— NNV ——

A ;
(@) | VY s

330 332 334 336 338 340 342
Magnetic Field (mT)

Figure 3 - EPR spectrum obtained with EMPO spin-trap (a) EMPO (50 mM) and
experimental dental resin incubated 15 minutes in pure ethanol (baseline : without
resin) (b) same as a with commercial resin (baseline : without resin) (c) simulation of
the ethoxy radical spectrum with aN=1.29 mT,aH=0.68 mT. (d) EMPO incubated in a
Fenton system in pure ethanol.

Fig. 4 shows the results of similar experiments conducted with the DEPMPO
spin-trap on experimental resin. A 14 peak signal with the following hyperfine constants
was obtained: aP=4.56 mT, aN=1.27 mT and aH=0.6 mT. As for EMPO, these values
were very similar to published ones [27] for ethoxy free radicals (Table 1). The
computer simulation based on these values led to a spectrum (Fig. 4b) similar to the

experimental one (Fig. 4a).

These results show that ethoxy radicals are released by dental resins; their
kinetic of release is shown in Fig. 5. The addition of a specific hydroxyl radical
scavenger (N,N-dimethylthiourea) [28, 29] resulted in a significant decrease in signal

intensity (Fig. 6).
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Figure 4 - EPR spectra obtained with DEPMPO spin-trap (a) DEPMPO (50
mM) and experimental dental resin incubated |5 minutes in pure ethanol
(b) simulation of the ethoxy radical spectrum with aP=4.56 mT, aN=1.27

mT,aH=0.6 mT.
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Figure 5 - Change in the concentration of ethoxy radical EMPO spin-adducts (50 mM) over
time. Inset: evolution of the spectrum over time in a 3D representation.
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Figure 6: Change in the concentration of ethoxy radical spin-adducts of

EMPO (50 mM) over time, with and without hydroxyl radical scavenger .
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4.4.2.2. Supplementary experiments

Supplementary experiments were conducted with experimental resins to
examine the influence of three factors on the production of ethoxy radicals: Trapped
free radicals, oxygen concentration, and double bonds. Replacing freshly
photopolymerised samples with old (> 3 months) samples had no effect on the shape or

on the intensity of the six

peak signals (data not

“,.7 '. /"‘\ v shown).  This 3-month
(a) /f "\ H‘ f‘\

M . .
g \‘I (J / \ | \f \ ,\ A ageing period has been
- J ‘{ \/ shown to lead to the
extinction of the EPR
signal attributed to the

ﬂ‘ ” P | trapped free radicals [7].

(b) 'IU‘#I ‘\ I

\
. )| | Consequently, it can be
Mwmﬂww\.whm’\" \I\”‘ / ‘q s

‘II I‘ !
Il f U’ ﬂ‘ IJ‘ / m l‘(,,w/\..w',www*«.q

|”' U '(‘w | “ stated that EtOe release
I J‘ “ J

is independent of the

1 1 1 1 1
330 332 334 336 338 340 342

- presence of trapped free
Magnetic Field (mT)

radicals. When oxygen
Figure 7 - EPR spectrum obtained with EMPO spin-trap (a) EMPO (50

mM) and experimental dental resin incubated 150 minutes in pure ethanol €ONCE ntration was
(b) same as (a) except that oxygen concentration has been reduced. .

reduced (in

photopolymerised resins and in spin-trap solutions) there was a significant change in the

spectrum (Fig. 7): The six peaks were narrower and split, and their double integral was

reduced by half (Table 2). This latter observation demonstrates the key role of oxygen:

Without oxygen, no ethoxy radicals

would be released. The signal is only double integrale

experiment (a.u)
reduced and not completely extinguished _
EMPO in ethanol 15+/-6
because deoxygenation was not
EMPO in deoxygenated ethanol 7,6 +/-2

complete, being technically more
Table 2 - Comparison of the concentrations of ethoxy

difficult to achieve. The effects of radical EMPO spin-adducts in ethanol and in partially
deoxygenated ethanol

methacrylated double bond concentration
were also examined. Using completely converted PMMA (no remaining double bonds),

no peak was detected. On the contrary, an ethoxy spectrum was detected when

unpolymerized experimental resin (maximum double bond concentration) was used.
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4.5. Discussion

4.5.1. Free radicals trapped in the dental resin network disappear in

ethanol

As is clearly shown in Fig. 2, the trapped free radicals disappeared most
rapidly when dental resins were stored in ethanol. This is not surprising as ethanol is
well known to induce better swelling of methacrylated polymer than water. Therefore,
as briefly stated above, the diffusion mass transfers in and out of the resin are fast. In
view of the spin-adduct half-lives of EMPO and DEPMPO spin-traps, ethanol clearly

offers the better option for detecting spin-adduct accumulation.
4.5.2. Dental resins produce ethoxy radicals in ethanol

Comparison of the different spectra obtained with EMPO (Fig. 3a, b and ¢)
clearly demonstrates for the first time that dental resins release ethoxy free radicals
(EtO¢) when they are stored in ethanol. This is confirmed by the DEPMPO spectra (Fig
4. a, b). Interestingly, the signals obtained with EMPO for commercial and experimental
resins were similar, supporting the fact that the organic part of the dental resin is the

only part involved in the release of ethoxy radicals.

4.5.3. Ethoxy radicals are secondary products from the reaction of

hydroxyl radicals with ethanol

When considering the kinetics of decay of EtOe, the major observation was the
significant decrease in the double integral when a hydroxyl radical scavenger was
introduced (Fig. 6). This suggested that ethoxy radicals are secondary products of the
reaction between hydroxyl radicals and ethanol molecules. The results obtained with
the Fenton system (Fig. 3d) in ethanol support this assumption. Indeed, ethanol is
known to be an efficient scavenger of hydroxyl radicals, which are rapidly converted
into ethoxy-derived free radicals [30-32]. For example, ethanol was used to demonstrate
the decomposition of superoxide radicals into hydroxyl radicals, based on the fact that
ethyl alcohol reacts only with hydroxyl radicals to form EtOe, which is not the case with
superoxide radicals. Therefore, the simple detection of ethoxy radicals suggests the

release of hydroxyl radicals. The results obtained in methanol supports these conclusion
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as they produce methoxy radicals which was also reported for Fenton system in

methanol.

The release of hydroxyl radicals (OHe) by dental resins has already been
suggested in the literature. Lee et al. hypothesized that OHe production could explain
the chemical degradation of dental composites stored in a food simulating environment
(water/ethanol (25/75) [13, 14]. These authors proposed the hydroperoxidation of the

methyl group in the a position of a methacrylate group (eq 2).

i i 0 9"
2
R—O0 —C—C—CHjs » R—O0—C—C—CHy + > R—0—C—C—C
[ 2
CHo CH, CH, (2)

It has to be noted that the allyl radical produced in the first step of reaction (2) is the
same as the allyl radical trapped in the resin. However the one produced by reaction (2)
is accompanied by a He abstraction which can give a hydroperoxide. The trapped allyl
radical can only do so with the assistance of another “mobile” hydrocarbon. The
hydroperoxide produced can then decompose into hydroxyl and acyl radicals (eq 3).

The latter could provide new cross-linking or decompose into aldehyde species.

o|0|-| <|3°
H—O—C—ﬁ—C —>> “ O_C_ﬁ_CH; + OHo
2 2
H
CHy CHz 3)

Hydroperoxidation of the methyl group in a methacrylate, therefore, depends on two
major parameters, the presence of oxygen and of unconverted double bonds. This is
exactly what was highlighted in the supplementary experiments conducted with EMPO
to investigate the mechanism of EtOe release. Firstly, ethoxy radical release was shown
to be independent of the presence of trapped free radicals in resin rods, but dependent
on oxygen. Secondly, the qualitative experiments conducted with unpolymerized
experimental resin and fully converted methacrylated polymers revealed the dependence

of ethoxy radical release on the concentration of double bonds.

The release of hydroxyl radicals could explain the long term decay of trapped
free radicals in dental resins. It is indeed conceivable that, once created, small OHe
radicals diffuse then combine with trapped radicals by addition. The decreased kinetics

of the trapped free radicals would then depend on the diffusion of oxygen in the sample.
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This was demonstrated in an earlier paper [7], in which water was shown to accelerate
radical decay more than oxygen and air. It, therefore, seems reasonable that
hydroperoxidation may also explain the decrease in trapped free radicals when dental

materials are stored in other environments, such as air and water.

However, as already mentioned, this mechanism involving OHe is not the most
likely. A more obvious mechanism would start by direct oxidation of the trapped
radicals, leading to peroxyl radicals (eq 1). Nevertheless, no EPR signal corresponding
to peroxyl radicals has been detected, in the present study or in other papers on dental
resins. Two hypotheses can then be proposed. Firstly, this may be explained by their
transformation into hydroperoxide compounds, as detected by Pavlinec et al. [7]. This
transformation from peroxyl radicals to hydroperoxides requires the intervention of
"mobile" hydrocarbons, e.g. those present on neighbouring "free" monomers (only
slightly mobile under Tg). Secondly, it is well known that the amount of non-converted
pendant methacrylated functions is higher than the one of trapped radicals in the resin.
Indeed the degree of conversion of dimethacrylate resins is limited as it only reach
60-65% maximum [2], and therefore contains many unreacted methacrylate functions
after photopolymerization. As a consequence, oxygen molecules are much more likely

to react with a methacrylate double bond than with free radicals trapped in the polymer.

While the detection of free radical release is of prime interest in the
understanding of material ageing process, it should not be misinterpreted in terms of
potential toxicity. Indeed, this paper only displays qualitative work, demonstrating that
small free radicals are released by dental resin. Even if the quantity of the released free
radicals is probably small, the precise determination of their concentrations was not in
the scope of this paper. Though very tempting to evaluate the amount of released
radicals, the direct comparison of the concentrations of trapped free radicals (Fig. 2) and
hydroxyl radicals (Fig. 5-6) must be considered cautiously for several reasons: different
spectrometer settings, different physical environments — respectively liquid for hydroxyl
radicals and solid for trapped radicals — and intrinsic variability of spin-trapping
experiments, which prevents accurate quantitative measurements. Moreover, as
explained by Schmaltz and Arenholt-Bindslev, toxic reactions depend not only on the
dose of the chemical species, but also on other parameters like the distance and the

nature of the structures between release location and potential target tissue. Therefore,
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the present results do not enable to come to any conclusion regarding potential

biological effects. In vitro investigations are required to determine the impact of the

released hydroxyl radicals on the local biological environment of dental restorations.

4.6. Conclusion

The results of this paper present sufficient evidence to affirm that dental resins

release hydroxyl radicals. This gives new insight into the resin ageing process and

should be taken into consideration in biological studies.
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S.1. Summary

Three types of low-shrinkage composites are today commercially available:
Ormocers, cationic ring-opening curing systems and highly-filled methacrylate-based
materials, which cure via free-radical polymerization mechanisms. The aim of this
study was to characterize the inorganic fraction of materials belonging to each type and
to compare their mechanical properties. Two Ormocers (Admira and an experimental
Ormocer V35694), one ring-opening composite (Filtek Silorane) and five methacrylate-
based composites (Filtek Supreme XT, Tetric EvoCeram, Grandio, Synergy D6 and an
experimental material, V34930) were tested. Inorganic fillers were quantified by
thermogravimetric analysis and morphologically characterized by scanning-electron
microscopy. Dynamic modulus was determined by an impulse excitation technique,
static elastic moduli and flexural strength by a three-point bending method. The results
were analyzed using ANOVA tests (p<0.05) and linear correlations. Grandio, V34930
and V35694 exhibited significantly higher filler mass fractions. Both dynamic and
static moduli of Grandio and V34930 were significantly higher than the other materials
(p<0.05), although no significant difference in flexural strength was observed between
material type (p>0.05). From the present findings, it was suggested that V35694 and
Filtek Silorane exhibit comparable properties to conventional methacrylate-based
composites, although clinically the cavity type and location must guide material choice.
Under high occlusal load, the use of Grandio and V34930 might be favoured. For small
cavities, alternative technologies could be preferred as the need for mechanical

resistance is lower and the potential for stress generation is greater.
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5.2. Introduction

Since the introduction of dental resin-based composites, intense research has
attempted to develop materials with acceptable mechanical and physical properties in
order to significantly improve their longevity and aesthetic quality. For many cavity
types, resin composite materials are perceived as versatile and reliable materials for
direct and indirect restorations and have become widely used. However, some problems
remain, which include the deleterious effects of polymerization shrinkage (1),
inadequate mechanical properties (2, 3) and poor wear resistance (4) of large occlusal
restorations during service. To solve or at least reduce such drawbacks, numerous
investigations have been conducted, including alternative curing protocols (“soft-start”,
“pulse-delay” polymerization) (5), or material combinations (stress absorbing

“flowable” layers or sandwich techniques with resin hybrid or conventional ionomers).

Regarding the development of intrinsic resin composite material properties,
research has focused on the optimization of filler particle morphology and more
recently, modification of the organic matrix. The introduction of so-called
“nanohybrid” composites during the last 5 years presents a good example of the
aggressive marketing and prolific product cycle of dental resin composite materials. It
might be argued that nanotechnology has been utilized in resin composites since the use
of colloidal silica (<100nm particle diameter) in homogenous and heterogeneous
microfills introduced in the mid-1970s. As such, the smallest filler size does not differ
greatly from that of modern nanohybrid types (6) and any improvement in material
properties compared with conventional types is debated in the literature (7-10).
Nevertheless, optimized filler morphology and a range of filler particle sizes (usually a
bimodal distribution) and smaller average particle size reduces polymerization

shrinkage and improves mechanical and aesthetic material properties (11-15).

In terms of the organic matrix, high molecular weight dimethacrylate
monomers such as Bis-GMA (bisphenol A glycidyl dimethacrylate) are commonly used
in most commercially-available composites and their chemistry has not significantly
changed since the pioneering work by Bowen in 1962 (16). To improve cross-linking
and structural integrity and to aid the incorporation of filler particles, lower viscosity
diluent monomers such as TEGDMA (triethylene glycol dimethacrylate) are used in

various proportions, although they contribute to additional shrinkage. A recent
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alternative is the replacement of methacrylate-based monomers by epoxy-based ring
opening systems (Filtek Silorane™, 3M ESPE Dental Products, Seefeld, Germany).
Silorane chemistry (the term coined from the combination of SILOxane and oxiRANE
moieties) exhibits a cationic ring-opening polymerization mechanism and initial in vitro
studies confirm a reduction of polymerization stress (17, 18) and shrinkage, reaching

values of less than 1 %vol (19).

An alternative inorganic-organic resin type was developed many years ago for
the polymer industry and has subsequently been adapted for dental use. ORMOCER™
(ORganically MOdified CERamics) technology consists of an organic reactive species,
which is bound by the in-situ formation of an inorganic (Si-O-Si) network, which may
result in reduced shrinkage ranging from 1.46 to 2.64 vol %, depending on the material

and measurement method (20, 21).

Although much is known concerning the shrinkage properties of new,
commercially available resin composite restoratives, the effect of filler morphology on
mechanical properties of these new materials is not widely reported. Consequently, the
present investigation aims to explore the effect of filler particle morphology on static
and dynamic modulus, and on flexural strength. Furthermore, the fillers of a resin-
composite are well-known to be responsible for light-scattering, and therefore limit the
depth of cure (22). In addition, besides filler content, major differences exist between
the investigated materials, which can have an impact on the depth of cure, i.e. nature of
resin phase (ring-opening systems, Ormocer- and methacrylate-based composites), type
of initiating system (radical or cationic polymerization), type and concentration of
photoinitiator.  Despite the difficulty to thoroughly analyze the impact of each
parameter on the curing extent, clinicians need information about the validity of
commonly accepted curing protocols on these materials.  For that reason, the
photopolymerization efficiency of two different commonly accepted curing protocols,
i.e. conventional halogen light during 40s and third generation LED light during 20s,

was tested on 4 mm layers of each composite.
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5.2. Materials and Methods

Eight resin composites including 6 commercially available and 2 experimental
materials were tested in the present work (Table 1). Usually, the fillers are distinguished
on the basis of manufacturing techniques, the average particle size and chemical
composition (13). In the present work, they were classified according to the
manufacturer’s appellation. The terms ‘micro’ or ‘nano’ refer to the size of the smallest

fillers and ‘hybrid’ is used to describe products containing fillers of different size.

Besides fillers, the composites used can also be differentiated according to the
nature of their organic matrix. Most of the products contain only dimethacrylate-based
monomers, except for Filtek Silorane, which contains a “Silorane”-based organic matrix
(3.,4-epoxycyclohexyl cyclopolymethylsiloxane) and TEGDMA. Admira and V35694

contain Ormocers, with an addition of TEGDMA for Admira only.

Table 1. Characteristics of tested materials

Filler
Content*
Materials Manufacturer Composite Type* Shade  Batch (wt%) Filler type and dimensions*

Tetric Evo Ceram  Ivoclar-Vivadent Nano-Hybrid A3 2859 75-76 Barium glass, ytterbium
(Schaan, Liechtenstein) trifluoride, mixed oxide
and pre-polymer - range
of particle size: 40-3000 nm;
average particle size: 550 nm
Synergy D6 Colténe-Whaledent Nano-Hybrid A3/D3 150177 80 Pre-polymerized fillers, glass
(Langenau, Germany) fillers, nanofillers — range
of particle size: 20-2500 nm
— average particle size: 600 nm
Admira Voco (Cuxhaven, Micro-Hybrid A3 791340 77 Ormocers, glass—ceramic
Germany) microfillers (average
particle size: 700 nm)
V35694 Voco (Cuxhaven, Nano-Hybrid- A3 *x 86 Ormocers, Si0, nanoparticles
Germany) Ormocer — range of particle size:
20-50 nm and silicate
glass — average particle
size: 1000 nm
V34930 Voco (Cuxhaven, Nano-Hybrid A3 hd 91 $i0, nanoparticles —
Germany) range of particle size:
20-50 nm and silicate glass
— average particle size:
1000 nm
Grandio Voco (Cuxhaven, Nano-Hybrid A3 803031 87 Glass-ceramic micro-fillers
Germany) — average particle size:
1000 nm - and nanofillers
— range of particle size:
20-50 nm
Filtek 3M-ESPE (St. Paul, Nanofilled A3 20071029 65-75 Silica nanofillers — average
Supreme XT MN, USA) particle size: 75 nm —
zirconia nanofillers —
average particle size:
5-10 nm - and
agglomerated zirconia/
silica nanoclusters —
range of particle size:
600-1400 nm
Filtek Silorane 3M-ESPE (St. Paul, Micro-Hybrid A3 20071108 76 Quartz microfillers
MN, USA) (0-1-1 mm) — range of
particle size: 40-1700 nm
— average particle size: 470 nm

*Based on information from the manufacturer ** Experimental materials
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5.2.1. Characterization of the inorganic fraction
5.2.1.1. Filler morphology

Scanning electron microscopy (SEM) was used to observe the filler
morphology and size in each composite. Prior to the SEM observation, the composites
samples underwent successive dilutions in order to eliminate the organic phase, with the
exception of the polymer fraction in prepolymerized fillers. Firstly, 0.5 g of each
material were dissolved in 4 ml of acetone and centrifuged for 5 min at 700 x g and the
process repeated three times with acetone and three times with chloroform. The
remaining fillers — including prepolymerized fillers — were suspended in 2.5 ml of
absolute ethanol, smeared on a glass slide (7.5 cm % 2.5 ¢m) and dried at 37°C for 6 h.
After gold coating, the samples were observed by SEM (Leica Stereoscan S-260,
Cambridge, UK) at 10000x magnification.

5.2.1.2. Filler mass fraction

Thermogravimetric analysis (TGA/SDTA861e, Mettler-Toledo, Greinfensee,
Switzerland) was used to determine the filler mass fraction. The resin composites were
subject to a temperature rise from 30 to 900°C at the rate of 10°C/min followed by air-
cooling to room temperature. The inorganic fraction was determined by the ratio of the

final and initial sample mass. Three samples of each material were analyzed.
5.2.2. Mechanical properties

Five specimens of each material were prepared in tin moulds of 25 % 2 x 2 mm
according to ISO specification 4049 (23). The specimen surfaces were covered by glass
slides and irradiated using a halogen light-curing unit (LCU) (XL 3000, 3M-ESPE, St.
Paul, MN, USA) operating at 544 mW/cm2 (+/-17 mW/cm2). Four, 60 s overlapping
irradiations were applied on both sides of the samples. Each specimen was carefully
removed from the mould and stored for 24 h in the dark at 23 + 1°C prior to testing.
The same specimen was used to measure dynamic modulus, static modulus, flexural

strength and Vickers microhardness.
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5.2.2.1. Dynamic modulus

The dynamic modulus of elasticity (Eq) was measured non-destructively by an
impulse excitation technique (24). Each sample (n=5) was set in flexural vibration by a
small mechanical impulse. The signal produced was collected using a signal analyzer
via a microphone placed underneath the sample (Grindosonic, Lemmens Elektronics,
Haasrode, Belgium). The dynamic elastic modulus (Eq) was calculated by the following

Equation

2 73
mf,” L
t3 ! Equation 1

E,=0.9465

where m was the mass of the sample (g), L was specimen length, b specimen width and
t specimen thickness (mm), f; was the fundamental frequency of the bar (Hz) and T; a
correction factor for fundamental flexural mode accounting for finite thickness of the

bar, Poisson’s ratio and other constants.
5.2.2.2. Static modulus and flexural strength

The static modulus (Es) and flexural strength (or) were measured using a three-
point bend test according to ISO4049 (23). Samples (n=5) were loaded in a universal
testing machine (Instron 5566, High Wycombe, UK) at a strain rate of 0.75 mm/min

until fracture occurred. Es was expressed in GPa and calculated according to Equation 2

FI’
s 4bh3d Equation 2

where F was the load (N), 1 the distance between the supports (mm), b the width of the
sample, h thickness (mm) and d is the mid-span deflection corresponding to the load F.

Flexural strength (of) was calculated according to Equation 3 and expressed in MPa

3 Fl

Gf = 5 th Equation 3
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5.2.2.3. Vickers microhardness

Vickers microhardness measurements were carried out on the fractured
samples recovered from the previous analyses. A 200 g load was applied for 30 s on the
cured surface using a Durimet microhardness tester (Leitz, Wetzlar, Germany). The
length of the diagonal of each indentation was measured directly using a graduated eye-
lens. The Vickers Hardness Number (VHN) was obtained using the following Equation

(average of 3 indents per sample):

H = 1854.4£
d

Equation 4

where H was Vickers hardness (kg/mm?), P the load (g) and d diagonal length of the

indent (um).
5.2.3. Photopolymerization efficiency

Each material was placed in 4 similar brass moulds (3 mm diameter, I mm
depth). Each mould was superimposed, isolated from each other by a thin Mylar film,
and the material was light-cured from the top surface in order to assess the curing
efficiency through a 4 mm depth. Two different LCUs were used to cure each material:
the halogen LCU (used in Section 5.2.2.) for 40 s and a third generation LED (G-Light,
GC, Japan, 1166 +/- 78 mW/cm?) for 20 s. To assess curing extent throughout the
sample depth, Vickers microhardness measurements (as described in 5.2.2.3.) were
performed at the upper surface of the first cylinder and at the lower surface of each of

the four cylinders, providing 5 measurements (from 0 to 4 mm depth).
5.2.4. Statistical analysis

Filler mass fraction and mechanical properties were analyzed by one-way
ANOVA and post hoc Scheffe’s tests at a significance level of 0.05. Three-way
ANOVA and Tukey’s test at a signifiance level of 0.05 was performed to analyze the
results of photopolymerization efficiency. Linear regression analysis was performed to
study the relationship between both elastic moduli, and between the elastic moduli and

the filler mass fraction.
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5.3. Results
5.3.1. Characterization of inorganic fillers
5.3.1.1. Filler morphology

The SEM images are displayed in Figure 1. For each material, fillers were
observed at 10000x magnification. Except for Filtek Supreme XT containing spherical
particles and spherical aggregates of various sizes, each other material showed irregular
shaped particles. Those composites can be divided in two approximate groups according
to the proportion of particles of different sizes (Figure 1). In the first group, V34960,
V35694, Admira and Tetric EvoCeram show homogeneous particles with an apparent
average particle size of less than 1 pm. However, Tetric EvoCeram differs by the
presence of large filler aggregates. The composites of the second group (incl. Grandio,
Filtek Silorane and SynergyD6) display less homogeneity and appear to contain a

number of smaller fillers (< 1 um) but with an addition of larger particles (> 1 um).

”.

74

- y-‘y':;!*»} "
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Figure | - SEM images of the fillers at 10000x magnification
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5.3.1.2. Filler mass fraction

Means, standard deviations and statistical associations are presented in Figure
2. Both Voco experimental materials and Grandio exhibit a significantly higher filler
content compared with other materials (p<0.05), with values ranging from 84.3 to 86.7

wt% compared with 75.5 and 70.5 wt%, respectively.

V34930
V35694
Grandio
Synergy D6

Filtek Silorane

Materials

Filtek Supreme XT
Admira

Tetric EvoCeram

1
0 20 40 60 80 100
Filler mass fraction (%)

Figure 2 - Filler mass fraction (%) measured by TGA (n=3).The materials
are ranked in descending order according to their means (black horizontal
bars) and the standard deviations are added in the form of grey bars.
Vertical bars connect materials that are not statistically different (p<0.05).

5.3.2. Mechanical properties

a b
( ) V34930 ( ) Grandio
Grandio V34930
Filtek Supreme XT Filtek Supreme XT
] ]
< « :
T V35694 b= Tetric EvoCeram
Q Q
b1 Synergy D6 b1 V35694
= Admira = Filtek Silorane
Tetric EvoCeram Synergy D6
Filtek Silorane Admira
0 5 10 15 20 25 30 12
(0 V34930 (d) V34930
Grandio Grandio
Filtek Supreme XT V35694
%) (7 -
Kl Filtek Silorane = Filtek Supreme XT
f= [ ) _
g Tetric EvoCeram % Filtek Silorane
> Synergy D6 > Synergy D6
Admira Tetric EvoCeram
V35694 Admira
150 0 20 40 60 80 100 120 140

Vickers Microhardness (VHN)

Figure 3 - Overview of the mechanical properties studied. The materials are ranked in descending order
according to their means (black horizontal bars) and the standard deviations are added in the form of grey
bars.Vertical bars connect materials that are not statistically different (p<0.05).

(@) Dynamic modulus (GPa) (n=5); (b) Static modulus (GPa) (n=5); (c) Flexural strength (MPa) (n=5); (d)
Vickers microhardness (VHN) (n=5)
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Means, standard deviations and statistical associations are presented in Figures

3a to 3d. For Eq (Figure 3a), Grandio and V34930 exhibit statistically higher moduli
values compared with each other material (p<0.05), amongst which the differences in
dynamic moduli are less marked. Similarly, a significant increase in Es (Figure 3b) is
observed for Grandio and V34930 compared with each other material (p<0.05).
Concerning of (Figure 3c), the same trend is observed for Grandio and V34930, but no
statistically significant difference between any composite was recorded (p>0.05). The
surface microhardness values (Figure 3d) are higher for the experimental composites
and Grandio, and except Filtek Supreme XT, each other material exhibits a significantly

reduced surface hardness (p<0.05)

5 ‘ 6 ' 7 I 8 ‘ 9 ' 10
E; (GPa)

Figure 4 - Simple linear regression of Eq by Es with
a density ellipse (p=0.95); R2 = 0.815; p<0.000|

Filler mass fraction (%)

Figure 5 - Simple linear regression of Eq (a) and Es
(b) by filler mass fraction, with (plain lines; Rz =
0.52; p<0.0001 for Eg and R? = 0.37 — p=0.0017
for Es) or without (dashed grey lines; R* = 0.90 -
p<0.0001 for Eq and R? = 0.70 - p<0.0001 for Es)
taking into account V35694 (+).

Eq was significantly correlated to Es (R? = 0.815; p<0.0001) (Figure 4). The
linear regression coefficient between Eq / Es and the filler mass fraction (Figures 5a and
5b, respectively) was fairly low (R? = 0.52 for Eq and R?> = 0.37 for Es). However, this
can be mainly attributed to the results of V35694, which shows a much lower filler

content than Grandio and V34930 despite a comparable filler mass fraction. Besides
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V35694 (Figure 5, dashed grey lines), the regression coefficients are much higher: R? =
0.90 for Eq and R? = 0.70 for Es.

5.3.3. Photopolymerization efficiency

Figure 6 illustrates the decrease in Vickers microhardness with depth
(presented in percentage of uppermost surface value, whose absolute values can be
found in Fig. 3d) and highlights a similar distribution of the values to the left (samples
cured with halogen LCU) and those to the right (samples cured with LED LCU).
Analysis of variance of upper-to-lower surface hardness ratio as a function of curing
protocol, depth and material was highly significant (p<0.0001). The related statistical
comparisons are presented in Table 2, where it appears that at 1 and 2 mm depth, the
hardness ratio of all materials (except V35694 — 2mm — XL3000 — 40s) were
statistically comparable, regardless of the curing protocol. At 3 and 4 mm depth, a
significant drop of hardness ratios is observed; at 3mm, all the ratios but one (Grandio —

G-Light — 20s) are below 80%.

XL3000, 40s G-Light, 20s
Vickers Microhardness
(in % of the top hardness)

100% 80% 60% 40% 20% 0% 0% 20% 40% 60% 80% 100%

W Grandio
W V34930
M Admira
M Filtek Silorane

I Tetric Evo Ceram

Synergy D6
Filtek Supreme XT
V35694

Wi

Depth (mm)

Figure 6 - Comparison of the influence of both curing protocols on the decrease of Vickers microhardness
with depth. The values are presented in percentage of uppermost surface microhardness (n=5).The values
to the left refer to samples cured during 40s with XL3000, and those to the right refer to samples cured
during 20s with G-Light.
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S.4. Discussion
5.4.1. Filler morphology

Filtek Supreme XT is the only composite in this study to contain spherical
particles and aggregates (Figure 1). This spherical form of the particles was already
observed in composites of the same manufacturer, i.e. in Filtek Z100, Supreme XT (12,
24), 7250 and P-60 (25). Filtek Supreme XT is marketed as a “nanocomposite”, and
according to the manufacturers, contains 8§ wt% silica nanoparticles (20-75 nm
diameter) and 71 wt% silica/zirconia “nanoclusters” (0.6-1.4 pm diameter). Since it is
impossible to perceive the smallest particles using SEM, all the particles are assumed to
be aggregates, whose diameter ranges from about 0.1 to 2-3 um. For Filtek Silorane,
the SEM images confirm a distinct filler morphology (irregularly shaped fillers from 0.1
to 1um) compared with the other resin composite (Filtek Supreme XT) of the same
manufacturer. Such radical change in filler content is surprising although specific
characteristics of the silorane-based organic matrix may account for this. The necessity
for an epoxy-functional silane agent may restrict the use of particular filler types.
Silorane is known to contain quartz particles which cannot be processed by a sol-gel
technique and may explain the more irregular morphology compared with other

materials provided by the same manufacturer.

Currently, there is no consensus on the positive effect of a certain particle size
and shape (spherical or irregular) on the mechanical properties.  According to
Rueggeberg et al. (26), it is difficult to distinguish the effect of filler size and shape on
mechanical properties of commercial composites. Even the comparison of experimental
composite formulations has resulted in unclear findings (14, 27). Masouras et al. (28)
suggested that the filler load was the main factor for determining elastic modulus
properties, while filler size and shape should be considered as secondary “fine-tuning”

factors for altering material properties.
5.4.2. Filler mass fraction

For V35694, Filtek Silorane and Supreme XT, the mean values obtained were
close to that reported by the manufacturers. For the remaining materials, larger
differences of up to 5 wt% were observed. For Tetric Evo Ceram and Synergy D6, an

underestimation of filler load may be attributed to the presence of pre-polymerized
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particles and the TGA method used here, which relies on removal of the composite
organic fraction. A further explanation may be related to filler silanization. As reported
by Sabbagh et al. (25), some manufacturers assess the fillers mass fraction before the
silanization process, while others include the percentage of silane coating in their

calculations.

Despite the close similarity of SEM images (except for Filtek Supreme XT),
large differences in  filler fraction are observed between the different, so-called
“nanocomposites”. Grandio and both experimental Voco materials exhibit a
significantly increased filler load (84.3-86.7 wt%) compared with the other materials
(70.5-75.5 wt%; Figure 2). Assuming no particle agglomeration, a possible explanation
for such differences in the filler content is a better adapted combination of particles of
different sizes, reducing inter-particulate distances and enabling higher filler packing in
Grandio, V34930 and V35694. Although the size of nanofillers precludes their
examination using SEM, they may account for the high filler content of these 3
composites. However, other materials also contain nanoparticles (Table 1) but exhibit
significantly reduced filler content. The extent of filler loading will be dependent upon
many factors including the size and amount of the smallest filler, particle morphology,
the type and extent of silanisation and viscosity and hydrophobicity of the resin matrix.
As filler size decreases to the nanoscale region, surface area increases and viscosity will
rapidly increase compared with the same volume percentage of fillers with larger
diameter. Consequently, surface area to volume effects will limit filler wettability and
reduce filler content, which was a significant drawback of homogeneous microfill types
introduced in the 1970s. Addition of discrete spherical nanoparticles is known to cause a
decrease in viscosity by reducing polymer entanglement, which contradicts Einsteinian
theory (29). However, nanoparticle dispersion is very difficult to control, especially in
highly filled, viscous systems such as resin composite restoratives. As the diameter of a
particle decreases, the surface free energy increases and therefore agglomeration occurs
where interparticulate forces exceed the particulate mass. Filler particle agglomerates
may act as critical flaws as the interaction between fillers and polymer is reduced (9,

30).

As the filler content here was measured in mass percentage, it should be noted

that filler load and consequential mechanical and physical properties could also be
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partly related to the nature of the particles. Indeed, denser particles are responsible for
improving filler load without increasing the volume percentage and quoting volume
filler percentages is probably more relevant for overall performance of the composite

material.
5.4.3. Mechanical properties

Dental restorative materials should mimic as much as possible the physical
behavior of the tooth and approximate the mechanical properties of enamel and dentin.
In the present study, the mechanical properties of all the composites did not approach
the values generally reported for enamel with elastic moduli of 80 to 94 GPa depending
on prism orientation (31), which is in agreement with previous investigations (12, 32).
Similarly, but to a lesser extent, no material tested in the present study exhibited a
modulus value similar to that of dentine (19 GPa determined by an indentation method
(31). Balooch et al. (33) reported that the elastic modulus of dentine is dependent upon
its microstructure, ranging from 17 to 23 GPa for intertubular dentine and 40 to 50 GPa
for peritubular dentine. = Moreover, the tooth is a complex heterogeneous graded
structure, which combines hardness and toughness, wherein the modulus of dentine will
vary through depth due to the sigmoidal nature of tubules. Although the use of
restorative materials with similar elastic modulus to tooth tissue will allow efficient load
transfer between structures, no resin composite material can replicate the combination
of hardness and toughness exhibited by the graded structure of enamel and dentine.
That said, the elastic modulus of resin composites must be high enough to resist
occlusal forces, especially in class I and II cavities (32). However, a high elastic
modulus can also lead to more brittle materials. Therefore, an increase in elastic
modulus must be combined with suitable mechanical characteristics, such as fracture

toughness, flexural and fatigue strength in order to resist occlusal loads.

In the present work, Eq was significantly correlated to Es (R? = 0.815), which
concurs with previous work (32). In the latter, it was also observed that all materials
showed a higher Eq than Es. As explained by Sabbagh et al. (32), the high values for Eq
are to be attributed to the high strain rate applied on the specimen during testing. This
impulse excitation technique gives low standard deviations as the frequency is recorded

only when three consecutive and similar values (within 1% of each other) are obtained.
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There were no significant differences observed in flexural strength between
each material although Grandio and V34930 exhibited significantly higher Eq and Es
compared with other material types, which can be explained by a significantly increased
filler content. Consequently, in the case of Grandio and V34930, the mechanical
characteristics may favour their use in high occlusal stress locations. As both materials
exhibit a high elastic modulus, which may result in the generation of high
polymerization shrinkage stress, their use in cavities with a low configuration factor
might be suggested, e.g. in extended cavities for which a high modulus material is also
important.  Although the mass percentage of filler in V35694 was statistically
equivalent to Grandio and V34930, a significant reduction in E4, Es was observed,
which can be associated with the difference in the proprietary matrix composition of the
experimental material. Ormocer materials are known to reach lower conversion
compared with conventional methacrylate-based resin composites (34), which could
partly account for lower mechanical properties of Ormocers with equal filler content.
Nevertheless, V35694 might be indicated for cavities where a lower elastic modulus is

preferred (class III or V).

Although non-significant differences were observed in flexural strengths
between any material tested in the present investigation, a reason that Filtek Supreme
exhibited high strength values despite visibly large areas of agglomeration (Figure 1)
might be due to its distinct filler particle morphology. Spherical-shaped particles are
known to exhibit improved fracture resistance compared with irregular-shaped
morphologies as regions of high stress-concentrations at the filler particle edge are
avoided (35). Filtek Supreme XT also shows high values of Eq (statistically equivalent
to V35694) and Es. Unlike Masouras et al. (28), the present results suggest the potential
of a composite with spherical fillers to generate equal or better modulus than some
materials of higher filler content but with irregular particles (Synergy D6, V35694). One
possible explanation could be silane infiltration into porosities of the nanoclusters as
proposed by Curtis et al. (6). However, the comparison of commercial material
properties is challenging since full constituents are rarely disclosed where filler
morphologies, resin types and photoinitiation chemistries vary greatly between

products.
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Some previous studies have reported the potential of Ormocer materials to

reach equal or improved properties than methacrylate-based composites (34, 36, 37).
However, Admira exhibits statistically inferior mechanical properties compared with
several of the methacrylates tested here (Figure 3a-d), which has also been
demonstrated in the literature (38). The increase in mechanical properties of the
experimental material, V35694, highlights the potential of Ormocer composites to
surpass the properties of several methacrylate-based materials. Also, V35694 exhibits a
significant increase in Eq and upper surface microhardness compared with Admira,
which can be attributed in part to a significantly increased filler content. Besides their
potential low shrinkage, Ormocer materials present other potential interests, such as
lower cytotoxicity and lower water solubility compared to conventional resins (34).
The inorganic-organic network of conventional Ormocer materials (Admira) exhibits a
similar viscosity to bisGMA and therefore dilution is required for dental purposes to aid
rheological properties and filler inclusion. Unfortunately, this addition of low molecular
weight methacrylate-monomers (TEGDMA) may negate improved biocompatibility if
cytotoxicity of eluted residual monomer is considered. However, while Admira contains
TEGDMA, it is not the case of the experimental Ormocer V35694 (information from
the manufacturer). This constitutes an interesting progress of Ormocer-based materials
regarding biocompatibility, as elution of this diluent monomer should no longer be

feared.

Regarding Filtek Silorane, it can be stated that this material compares
favourably to some clinically well-accepted methacrylate-based composites in terms of
mechanical properties, which is in agreement with other studies (19, 39). However,
Silorane exhibits relatively low Es4 and Es, which might be considered a clinical
disadvantage in areas with high occlusal force. Although Silorane was developed as a
low shrinkage composite, it should be noted that decreased shrinkage does not
necessarily result in reduced marginal gap formation. The stress generated at the tooth-
restoration interface is a result of a complex process of shrinkage, curing speed and
elastic modulus of the material. In addition, it also depends on the configuration factor
of the cavity and on the compliance of the surrounding tooth tissue. In the case of
Silorane, the lower elastic modulus combined with different curing characteristics
associated with its cationic ring-opening polymerization and resultant low shrinkage

reported in the literature (17) may work in combination to reduce gap formation. As a
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result, this new material might be recommended for cavities with high configuration

factor (where low shrinkage and shrinkage stress are required).
5.4.4. Photopolymerization efficiency

An ultimate goal of low-shrinkage resin composite materials might be the
possibility to cure thicker layers of composite (> 2 mm) without bonding failure, gap
formation and without deterioration of tooth structure. However, even if this goal is

reached, which is not yet the case, another limiting factor is the depth of cure. Several

Table 2. Percentage of the upper surface microhardness for each material/curing protocol/depth assoclation
Curing Depth Least Sq

Material protocol (mm) Mean (%)
Synergy Dé XL3000 - 40s 1 A 102
Admira G-Light - 20s 1 A 102
Tetric Evo Ceram  G-Light - 205 1 AB 101
Synergy Dé G-Light - 20s 1 AB 101
Filtek Supreme XT G-Light - 205 1 ABC 100
V34930 G-Light - 20s 1 ABC 99
Admira XL3000 - 40s 1 ABC 99
Grandio XL3000 - 40s 1 ABC 98
Grandio G-Light - 20s 1 ABC 97
V35694 G-Light - 20s 1 ABCD 96
V34930 XL3000 - 40s 1 ABCD 96
Tetric Evo Ceram  XL3000 - 40s 1 ABCD 96
Filtek Supreme XT XL3000 - 40s 1 ABCD 95
Admira G-Light - 20s 2 ABCD 95
Flltek Silorane XL3000 - 40s 1 ABCD 95
V34930 G-Light - 20s 2 ABCD 95
Grandio G-Light - 20s 2 ABCDE 94
Filtek Supreme XT XL3000 - 40s 2 ABCDE 94
V35694 XL3000 - 40s 1 ABCDE 93
Filtek Supreme XT G-Light - 20s 2 ABCDETF 93
Flltek Silorane G-Light - 20s 1 ABCDETFG®G 92
Synergy D6 XL3000 - 40s 2 ABCDETFGH 20
V34930 XL3000 - 40s 2 ABCDETFGH 20
Grandio XL3000 - 40s 2 ABCDETFGH! 20
Flltek Silorane XL3000 - 40s 2 ABCDEFGHI1) 89
V35694 G-Light - 20s 2 ABCDEFGHIJK 88
Synergy Dé G-Light - 20s 2 ABCDEFGHIJK 87
Flltek Silorane G-Light - 20s 2 ABCDEFGHI1IJK 87
Tetric Evo Ceram  G-Light - 205 2 ABCDEFGHIJK 87
Admira XL3000 - 40s 2 ABCDEFGHIJK 87
Tetric Evo Ceram  XL3000 - 40s 2 ABCDEFGHIJKL 85
V35694 XL3000 - 40s 2 BCDEFGHIJKL 82
Grandio G-Light - 20s 3 CDEFGHIJKLM 82
Grandio XL3000 - 40s 3 DEFGHIJKLMN 77
Filtek SHlorane XL3000 - 40s 3 EFGHIJKLMN 76
Flltek Silorane G-Light - 20s 3 FGHIJKLMNDO 74
V34930 G-Light - 20s 3 FGHIJKLMNOP 74
Admira G-Light - 20s 3 GHIJKLMNOP 73
Filtek Supreme XT XL3000 - 40s 3 HIJKLMNOP 72
V34930 XL3000 - 40s 3 I1IJKLMNOPQ 71
Synergy Dé XL3000 - 40s 3 JKLMNOPQR 71
Flltek Supreme XT G-Light - 20s 3 KLMNOPQR 70
Admira XL3000 - 40s 3 LMNOPQR 68
Tetric Evo Ceram  XL3000 - 40s 3 LMNOPQRS 67
V35694 XL3000 - 40s 3 MNOPQRST 63
V35694 G-Light - 20s 3 NOPQRSTU 63
Tetric Evo Ceram  G-Light - 20s 3 OPQRSTUV 57
Grandio G-Light - 20s 4 PQRSTUV 55
V34930 XL3000 - 40s 4 QRSTUVW 53
Synergy Dé G-Light - 20s 3 RSTUV W 52
V34930 G-Light - 20s 4 STUV W 49
Admira XL3000 - 40s 4 TUVWX 46
V35694 G-Light - 20s 4 TUVWX 46
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elements can limit the curing extent at depth, i.e. mostly fillers (responsible for light-
scattering), pigments and photoinitiator molecules. Due to the difficulty to get
information from the manufacturer regarding the latter, it is difficult to thoroughly
analyze the impact of each parameter on the curing extent. However, it is important for
clinicians to know if the commonly accepted curing protocols are valid on the
investigated materials. For that reason, the photopolymerization efficiency of two
different commonly accepted curing protocols, i.e. conventional halogen light during
40s and third generation LED light during 20s, was tested on 4 mm layers of each
composite. The third generation LED light was preferred to a second generation LED

to limit the impact of potential spectrum incompatibility on the results.

The present results indicate that both irradiation procedures induce a suitable
polymerization through all the studied materials within the first two millimeters, which
confirms the potential of the new generation LED lights to reduce irradiation time to
some extent (40). In the same way, current standards state that a composite layer is
properly cured when the bottom microhardness is higher than or equal to 80% of the top
microhardness (40). In this case, all materials fulfill these requirements for both
photoinitiating procedures (XL3000 40s / G-Light 20s). However, the differences are
huge when considering the absolute VHN values, with means ranging from 125 to 48.3.
In addition, for the deepest layers (3 — 4 mm), the differences between the composites
increase and all values but one are lower than 80%. This confirms that, for the
materials and curing protocols considered, practitioners should limit the thickness of

each composite layer to 2mm.
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Pulpal-temperature rise and polymerization efficiency of LED curing lights

6.1. Summary

The aim of this paper was to assess the effects of light characteristics and
irradiation time on the Vickers microhardness (VH) of a dual-photoinitiator commercial
composite and on the temperature increase in the pulp chamber (AT). Four recent light
emitting diodes (LEDs), BluephaseG2 (BG2), Bluephasel6i (B161), G-Light (G) and
Freelight2 (F2), and one control halogen light (XL3000 — X) were tested on two shades
of Tetric EvoCeram (A2 and Bleach XL), whose respective commercial formulation
differs by their concentration of camphorquinone and lucirin TPO. Three different
irradiation times were applied, i.e. 10, 20 and 40 s, and VH was measured on the upper
and lower surfaces of 2 mm thick samples. AT was measured using a K-type
thermocouple inserted in the pulp chamber of a molar that had been prepared to obtain a
2 mm thickness of dentin. The measurements were made during polymerization of a 2
mm composite (Shade A2 or Bleach) and with an uncovered tooth. The data were
analyzed with a two-way ANOVA (p < 0.05) test. For shade A2, all but one irradiation
condition (F2 — 10 s, lower surface) generated VH values that were statistically equal to
or better than the standard chosen for this study (X—40s). For Bleach shade, VH values
obtained with G and BG2 — 20 and 40 s are statistically comparable to X — 40 s for both
upper and lower surfaces. This is not the case either with G and BG2 — 10 s or for all
procedures with other LCU, for which VH of at least one of the surfaces was
significantly lower than the reference. The results also highlight the differences between
the 2 photoinitiator contents whether the upper or the lower surface is considered.
Regarding temperature measurements, for shade A2, B16i — 20 & 40s, BG2 — 40 s and
G — 40s induced significantly higher ATs (3.98, 5.98, 5.21, 4.95, respectively) than X —
40 s (3.09). For Bleach shade, B161 — 20 & 40 s, F2 — 20 & 40 s, BG2 — 40 s and G —
40 s generated ATs significantly higher than control values (2.70, 4.05, 3.03, 4.58, 2.74,
2.44, respectively). AT values obtained with the uncovered tooth were generally higher
than those obtained with a 2 mm layer of composite. In conclusion, this paper
highlights that a perfect correspondence between light and material spectra is of prime
concern, both to insure optimal polymerization and to limit heating in the pulp chamber.

Some reduction in curing time is possible, but within certain limits.
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6.2. Introduction

Since the introduction of photopolymerizable dental composites, various
technologies have been proposed for light-curing units (LCU): Initially UV-lights were
developed, then visible-light systems, e.g., quartz-tungsten halogen (QTH) lights,
plasma-arc curing units, lasers, and more recently light-emitting diodes (LEDs). Among
the different light curing systems available today, LEDs seem to present the best
technology for several reasons: First, their narrower spectrum is better centered on the
peak of maximum absorption of the main composite photoinitiator, camphorquinone
(CQ), which increases irradiation efficiency.! Second, the low power consumption of
LED LCUs enables the use of batteries; this has led to significant ergonomic
improvement,? and to smaller and better-adapted fans or other heat dissipating devices.
While the first generation LED lights did not meet with general approval because of
their low power density,>? new generation lights are now increasingly used by
practitioners. These newer LED lights have been shown to have material properties
similar to QTH lights.*> Moreover, several publications have highlighted the potential
of these lights to reduce irradiation time without significant loss of mechanical

properties. 67

Recently, with the emergence of tooth whitening, extra-white composites have
been developed to match very light shades, which were difficult to achieve with CQ/
amines because of their yellowish aspect. For this reason, as well as to improve
photoinitiation efficiency, alternative photoinitiators, such as phenylpropanedione
(PPD), monoacylphosphine oxide (MAPO or Lucirin TPO) and bisacylphosphine oxide
(BAPO or Irgacure 819), have been studied and some have been introduced into
composites. However, the absorption spectra of these molecules are different from the
CQ spectrum. The narrow spectrum of blue LED lights, initially recognized as an asset,
can, therefore, become a problem because of incompatibility with these alternative
photoinitiators.® To overcome this problem, the so-called “third generation” of LED
LCUs was created, combining two different light peaks, one blue and one violet. Initial
results achieved with these lights have been promising, being similar to or better than

those achieved with second generation LED LCUs.?

Given the lack of information from manufacturers on the photoinitiating

systems of commercially available composites, dentists face a difficult choice among
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the diverse light curing systems. Compared to halogen LCUs, LED LCUs have two
main assets (in addition to ergonomy): Reduction in tooth heating and in irradiation
time. Regarding heat reduction, this asset was already present in the first generation
LED lights, probably due to their lower power density. Asmussen & Peutzfeldt!? indeed
showed that temperature rise was correlated with power density. Similarly, Vandewalle
et al.'! observed a similar increase in pulpal temperature between an LED and a halogen
LCU of the same power density. As a result, because the power densities of recent LED
lights are comparable to or higher than those of QTH lights, the temperature rise in the
pulp chamber can be similar or higher.!'>!3 In a recent paper, Antonson et al.?> proposed
that the effects of heat generated by the new, high powered LED LCUs needs to be
determined. In addition, as demonstrated by Schneider et al.,’ temperature rise is
important when evaluating the curing efficacy of new lights. This is true both from a
safety point of view>!? and in terms of curing efficacy, as temperature increase can
enhance polymer properties.!+!> With regard to curing time, the better match between
absorption/emission spectra and the higher power density of recent LED LCUs enables
a reduction in curing time, sometimes down to 20 or even 10 s.” Shortall* and Yap &
Soh® also demonstrated the potential for a second generation LED to be as effective as a
halogen LCU, with a 50% reduction in curing time. However, several authors have also
stressed that the ability of an increase in power density to compensate for time reduction
is limited.!'®-!8 Peutzfeldt & Asmussen'® notably showed that for a given energy density,
when power density was increased, the degree of conversion decreased linearly,

whereas flexural strength and flexural modulus showed a parabolic relationship.

This study, therefore, had two main objectives: The first was to evaluate the
polymerization efficiency of 10, 20 and 40 s irradiations with 4 recent LED lights (two
single peak, “second generation” LEDs, two multiple peak, “third generation” LEDs) on
two variants of the same composite, Tetric Evo Ceram shade A2 and shade Bleach XL
(Ivoclar Vivadent, Schaan, Liechtenstein). These materials were chosen for their
different photoinitiating system, i.e., both contain camphorquinone (CQ) and Lucirin-
TPO (L) but in different ratios. In T shade A2, CQ is dominant while in Bleach shade,
L is present in greater concentrations.!® A standard photoinitiation method commonly
accepted for the polymerization of 2 mm composites was chosen for the comparison:
Conventional halogen light for 40 s.!>16 The second purpose of this study was to

analyze the thermal effect of the different irradiation conditions on the pulp chamber.
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Hence, this research aims at determining the interaction between pulpal temperature rise

and composite hardness using different recent LED LCUs.
6.3. Materials and Methods
6.3.1. Spectrum characterization

Five different lights were used. A conventional halogen light was chosen as
control and compared to 4 LED lights. The lights are presented in Table 1. The spectra
of the five lights were determined by a mini-spectrometer (RC series C9407MA,
Hamamatsu, Japan) and their irradiance was determined by 5 measurements with a
Bluephase meter (Ivoclar Vivadent, Schaan, Liechtenstein). As both composite shades
chosen for this study contain two photoinitiators (CQ and L) in different proportions,
the absorption spectra of both pure photoinitiators were recorded using a UV-Vis-NIR

spectrophotometer (Cary 500, Varian, USA).

Table 1- Tested lights
Expected Measured | Recommended
Name |Code | Manufacturer| Light type |Mode* |irradiance** | irradiance | curing time **
(mW/cm?) | (mW/cm?) * %k
Ivoclar-
BluePhase . Vivadent LED 2nd . 1600 1622
16i BI6I | (Schaan, generation | i9h +/- 100 (+/-78) 10s
Liechtenstein)
Ivoclar-
BluePhase Vivadent LED 3rd . 1200 1050
G2 BG2 | (schaan, generation | 9h +/- 10% (+/-14) 10s
Liechtenstein)
. LED 3rd 1166
G-Light G GC (Japan) generation - 1200 (+/-78) 10 or 20s
. 3M-Espe (St. 50% reduction
Freezllght F2 Paul, MN, tﬁ:éggn - 1000 (+6/‘_1;6) vs conventional
USA) 9 halogen
3M-Espe (St.
XL3000 X Paul, MN, Halogen - d?ta ndot 44 40s
USA) oun (+/-17)

* When choice possible between Low & High power mode
** Based on information from the manufacturer
*** For 2mm micro-hybrid composite, at high power when different modes available

6.3.2. Curing efficacy

Two shades of the composite, Tetric Evo Ceram (Ivoclar-Vivadent, Schaan,
Liechtenstein), A2 and Bleach XL, were chosen for this study. This choice was based on
the differences in their photoinitiating mix. The samples were prepared according to the
following procedure: The composite was placed in a cylindrical brass mold 3 mm in
diameter and 2 mm in depth, covered by a thin Mylar film, and then light-cured from

the upper surface.
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Each LCU was applied to photopolymerize samples of both shades for three
irradiation times (10, 20 and 40 s). Five samples were prepared for each light/time/
shade combination. As microhardness is correlated with the degree of conversion2%-2!
polymerization efficacy was assessed by measurements of Vickers microhardness on
the upper and lower surfaces of each sample as follows: A 200 g load was applied for 30
s to the upper surface using a Durimet microhardness tester (Leitz, Wetzlar, Germany).
The length of the diagonal of each indentation was measured directly using a graduated
eye-lens. The Vickers Hardness Number (VHN) is obtained using the following
equation: H = 1854.4 x P / d?, where H is Vickers hardness in kg/mm?, P is the load in
grams and d is the length of the diagonal in um; note that a null VHN refers to a

material too soft to record any value.
6.3.3. Temperature rise in the pulp chamber

A K-type thermocouple was used to monitor the thermal changes in the pulp
chamber. The thermocouple measured a potential difference (mV), depending on the
temperature difference. The potential difference was recorded and transformed, using a
converter (Omega Engineering, USA), into a temperature differential (AT) in degrees
Celsius (°C) according to the following equation: AT = a; (V-V;) + a> (V2-V,?), where ai
and a, are constants, V is the potential difference (mV) at a given time of the
measurement, V; is the potential difference (mV) before measurement when the

immersion water is at room temperature.

4 mm ¢2 mm IET
2 mm —>t

%

Figure | - Experimental set-up for the measurement of temperature rise in the pulp chamber;T =
Teflon,W =Water, t = time, T°C =Temperature in degrees Celsius.
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The thermocouple was inserted into the pulp chamber of an extracted molar

that had been prepared according to the following procedure: After extraction, the tooth
was stored in chloramine (0.1% NaCl in purified water). The major part of the root was
ground away and the remains of the pulpal tissue were removed. The occlusal face of
the tooth was also ground in order to keep 2 mm of dentin between the upper surface
and the thermocouple (Fig. 1). During the measurements, the tooth was immersed in
water at ambient temperature (23 + 1°C) so that the pulp chamber was completely filled
with water, to simulate the liquid environment of pulpal tissues. All the measurements
were performed with the same tooth, to limit any effects of differences in tooth
structure, thus enabling the study to concentrate on the differences among the lights.
Before each measurement, a Teflon mold (2 mm-thick with a 4 mm-diameter aperture)
was placed on the upper tooth surface, which had been dried using a cotton pellet. The
increase in temperature during irradiation of the tooth through the aperture for 40 s with
each of the 5 lights described in Table 1 was measured. These temperature
measurements were performed with an empty cavity and when the cavity was filled
with composite, either shade A2 or Bleach. As no adhesive system was used, the
composite could easily be removed after each measurement without leaving any
significant deposit on the surface. The temperature was recorded during the irradiation
and the measurement was extended until ambient temperature (23 + 1°C) had been

regained. The procedure was repeated three times for each combination.
6.3.4. Statistical analysis

A two-way ANOVA (p < 0.05) was performed to analyze the influence of the
light model and irradiation time on Vickers microhardness at the upper and lower
surfaces of the sample. The same test was used to analyze the results of the increase in
temperature in the pulp chamber in the three different situations: Uncovered tooth, and

polymerization with 2 mm composite shade A2 and with 2 mm Bleach shade.
6.4. Results

The absorption spectra of the photoinitiators (pure CQ and L) and the emission
spectra of the lights (relative intensity) are shown in Fig. 2. Based on these results, the
LCUs can be divided into three groups: The first group contains the halogen light (X);

the second group contains B16i and F2, which are both second generation LEDs, with
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Figure 2 - Absorption spectra of the photoinitiators (pure CQ and L) and emission spectra of the light-
curing units (in relative intensity of their respective maximum).

perfectly overlapping spectra, with a peak at 450 nm; the third group contains BG2 and
G, which are third generation LED lights with a blue peak much better centered on the
maximum absorption peak of CQ, i.e., 467 nm, and a small violet peak. The comparison
between the absorption spectra of the photoinitiators and the emission spectra of the
lights (Fig. 2) reveals that F2 and B16i should be completely ineffective on L and only
effective on CQ. Nevertheless, their emission peak is not centred on the CQ peak of
maximum absorption, contrary to G and, to a lesser extent, BG2. B, BG2 and X can
excite L thanks to their emission range below 420 nm. The respective power densities

measured by the Bluephase meter are shown in Table 1.
For all ANOVA tests performed, analysis of variance displayed p < 0.001.

For shade A2 composite, the microhardness values at the upper surface (Fig.
3a) were not very discriminant. All irradiation conditions generated VHN values
statistically equal to or better than the standard chosen for this study, i.e., X — 40 s. On
the lower surface, at 2 mm (Fig. 3b), the same observation was made, except for F2 — 10
s for which the VHN was statistically lower than the standard. The VHN values for
BG2 — 40 s and B16i — 40 s at the upper surface were significantly higher than for the
standard. At the lower surface, there were more statistical differences, indicating the
importance of the irradiation time deeper in the material. For example, results for G —
10 s, G — 20 s and G — 40 s were statistically identical on the upper surface while they

were very different at a depth of 2 mm.

164



Pulpal-temperature rise and polymerization efficiency of LED curing lights

d.  BG2(40s)
B16i (40s)
BG2 (205)
G (20s)
G (40s)
BG2 (10s)
G (10s)
F2 (40s)
X (40s)
B16i (20s)
F2 (20s)
B16i (10s)
F2 (10s)

Curing light / time

70

b. 816 (409)
G (40s)
BG2 (40s)
F2 (40s)
B16i (20s)
G (20s)
BG2 (20s)
X (40s)
F2 (20s)
G (10s)
BG2 (10s)
B16i (10s)
F2 (10s)

Curing light / time

0 10 20 30 40 50 60 70
VHN

Figure 3 - Vickers microhardness values (VHN) of Tetric Evo Ceram A2 at the upper surface (a) and at 2
mm depth (b) after irradiation with each of the 5 lights for 10, 20 and 40 s. The results for each irradiation
condition are ranked in descending order according to their means (n=5); means (+/- standard deviations)

are written in white in each horizontal bar. The horizontal bar corresponding to the reference (XL3000,

40 s) is highlighted in light gray. Vertical bars connect materials that are not statistically different (p<<0.05).

For Bleach shade composite, at the upper surface (Fig. 4a), VHN values for all
irradiation times for G and BG2 (10, 20 and 40s) were statistically comparable to the
standard, and VHN values for B16i and F2 were significantly less than the standard. At
the lower surface (Fig. 4b), the irradiation time was a significant factor, as for shade A2
at this depth. VHN values for G — 10 s and BG2 — 10 s were significantly less than for

the standard, as were values for F2 — 10 & 20 s.
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F2 (20s)
F2 (10s)

Curing light / time

70

o

G (40s)
BG2 (40s)
B16i (40s)

X (40s)

G (20s)
BG2 (20s)
B16i (20s)

F2 (40s)
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G (10s)
F2 (20s)
BG2 (10s)
F2 (10s)
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Figure 4 -Vickers microhardness values (VHN) of Tetric Evo Ceram Bleach XL at the top surface (a) and at
2 mm depth (b) after irradiation with each of the 5 lights for 10,20 and 40 s. The results of each
irradiation condition are ranked in descending order according to their means (n=5); means (+/- standard
deviations) are written in white in each horizontal bar The horizontal bar corresponding to the reference
light (XL3000, 40 s) is highlighted in light gray. Vertical bars connect materials that are not statistically
different (p<0.05).

Figure 5 shows the temperature increase in the pulp chamber (AT, in °C)
associated with the use of each light for 10, 20 and 40 s. In the case of shade A2 (Fig.
5a), the three more powerful lights, i.e., B161, BG2 and G, induced higher ATs when
they were used for 40 s. These results were significantly greater than those of X — 40 s,
while BG2 and G used for 20 s induced ATs that were statistically comparable to those
of X —40 s. For Bleach shade (Fig. 5b), the temperature changes were much lower; only
B161 — 40 s and F2 — 40 s induced a AT greater than 4°C. These were followed in
decreasing order of AT by the same lights for 20 s, then by G — 40 s and BG2 — 40 s.
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a. F2(10s)
F2 (20s)
F2 (40s)
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B16i (10s)

X (40s)
G (10s)
BG2 (20s)
G (20s)
B16i (20s)
G (40s)
BG2 (40s)
B16i (40s)

1.30 (0.13)
1.71 (0.26)
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Curing light / time
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F2 (20s)
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2.09 (0.11)
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D

2.51 (0.

3.47 (0.
3.61 (0.
3.82 (0.16)
3.85 (0.30)
3.83 (0.12)
4.46
4.50 (0.48)

4.79 (0.19)
5.62 (0.31)
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Figure 5 - Increase in pulpal temperature (°C) associated with the use of each light for 10,20 and 40 s
when the tooth was covered by 2 mm Tetric Evo Ceram A2 (a) or Bleach XL (b) during the thermal
measurement or left uncovered (c). The results of each irradiation condition are ranked in ascending order
according to their means (n=3); means (+/- standard deviations) are written in white in each horizontal
bar.The horizontal bars corresponding to the reference light (XL3000, 20 s — time recommended for
polymerization of adhesive — and 40 s — time recommended for polymerization of 2 mm composite) are
highlighted in light gray. Vertical bars connect materials that are not statistically different (p<0.05).
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For the uncovered tooth (direct irradiation of the tooth without composite in the mold)
(Fig. 5¢), the results were close to those seen with shade A2 in order, but about 1°C
higher. Comparing Figures 5a, b and c, therefore, highlights the insulating effect of the
resin composite; it also demonstrates the influence of the shade and photoinitiator
content on this insulating effect as AT values with Bleach shade (Fig. 5b) were much

lower than those with shade A2 under the same irradiation conditions.
Di ion

First, we will consider the results achieved using the shade A2 composite,
which seem to validate the use of the four LED lights for irradiations of as short as 10 s
(except for F2 — 10 s) as an alternative to X — 40 s, the curing protocol recognized as a
reference in the literature.!>!®  Nevertheless, some of the irradiation conditions
generated microhardness that was significantly greater than that of X —40 s, i.e., G — 40
s (lower surface), BG2 — 40 s and B161 — 40 s (upper/lower surface). This observation
is certainly due to the higher power density of these lights in the area of maximum
absorption of CQ.? Despite the improvement in microhardness, these irradiation
conditions (high-power lights for 40 s) can only be validated after consideration of AT;
this will be discussed below. The comparison between BG2 — 40 s and B161 — 40 s
indicates the importance of having a perfect match between the light spectrum and the
material spectrum. Despite the much higher power density of B161 compared to BG2,
the surface hardness of BG2 — 40 s was greater. This is probably due to the better
alignment of the BG2 blue peak on the CQ peak of maximum absorption.!® In addition,
the effect of BG2’s additional violet peak on the small amount of L in shade A2
composite must certainly not be neglected. In other words, these results highlight the
potential benefits of a combination of both photoinitiators. On the lower surface, at 2
mm, there was a greater variability in the results compared to those obtained at the
upper surface.  Hence, although shorter irradiation times may be sufficient to
polymerize composite at the surface, irradiation time is a critical parameter for deeper
polymerization. Furthermore, the positive effect of an increase in power density on the
degree of conversion seems to be limited. B161 and F2 can reasonably be compared as
their spectra overlap perfectly. On the surface, even though the degree of conversion for
B161 — 40 s was statistically higher than that of F2 — 40 s (56.6 versus 50.4), the

difference was not proportional to the huge difference in power density (644 mW/cm?
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for F2 versus 1622 mW/cm? for B16i), and at a depth of 2 mm there was no statistical
difference between B16i — 40 s and F2 — 40s. According to Dewaele et al.,'” at high
levels of power density, an additional increase has limited impact on the degree of
conversion. The present results confirm that there is probably an optimum power
density for a given composite thickness and irradiation time; above this optimum, any
excess can potentially have adverse consequences. Every photon that is absorbed by the
material heats it, either directly or by the heat of polymerization. As a result, not only
should the efficacy in terms of microhardness be considered but also the safety in terms

of pulpal heating. This will be addressed later.

The results achieved with the Bleach shade composite will now be discussed.
On the surface, the LED lights with spectra that were not effective on the main
photoinitiator (L), i.e., F2 and B16i, gave statistically lower VHNs than did the
standard. In contrast, BG2 and G were even more effective than the standard, regardless
of the polymerization time. The high quantum yield efficiency of lucirin accounts for
this observation,' and enabled good microhardness results despite the lower intensity of
the violet peak of BG2 and G compared to the blue peak. The findings were different at
the lower surface. B16i—10, 20 & 40 s and F2 — 40 s had statistically similar results to
those of X — 40s, despite the lack of any significant overlap of the spectra of these two
lights with lucirin. This is probably an effect of the high molar extinction coefticient of
L leading to lower penetration of violet light.>?> In contrast, blue light penetrates deeper
into the material due to a lower CQ concentration and molar extinction coefficient. This
fact may explain the relatively better efficacy of B161 and F2 on the lower compared to
the upper surface. However, these lights should remain a second choice, and lights that
have a spectrum better suited to the absorption spectrum of the material, i.e., G and
BG2, should be favored. With these two lights, G and BG2, an irradiation time of 20 s
seems sufficient as the VHN at 20 s was statistically comparable to that at 40 s (except
for G — 40 s surface where a small but significant improvement was observed). Again,

AT must be considered, which will be discussed below.

Finally, when considering microhardness, the present results question a
commonly accepted and frequently cited assumption. According to several authors,’- 2%
23 an 80% ratio between the hardness of the upper and lower surfaces should be

achieved for a satisfactory cure. However, the present results showed significant
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differences among the hardness values on the upper surface. Hence, analysis of the
photopolymerization efficacy based on the upper/lower ratio has little sense as both
values vary. Indeed, an inappropriate curing protocol leading to low absolute
conversion values could be validated by a good upper/lower ratio.!>!° For example, for
shade A2 composite, the upper/lower ratios for BG2 — 40 s and X — 40 s were 80% and
82%, respectively. However, BG2 — 40 s produced significantly better upper (63.4
versus 50.28 for X — 40 s) and lower (50.72 versus 41.18 for X — 40 s) microhardness.
As the Vickers microhardness is correlated with the degree of conversion,?’2! the
conversion of samples cured with BG2 — 40 s is better than with X — 40s, despite their

similar and “acceptable” upper/lower ratios.

From the microhardness results, long irradiation times are clearly of interest as
they led to better microhardness on the lower surface. Nevertheless, this positive effect
could be partly due to heating of the material by the light.!> More importantly, the
temperature rise in the pulp chamber followed the same trend. According to the
frequently cited study of Zach & Cohen,>* 5.5°C is the limit above which irreversible
pulpal lesions can occur, although this value is controversial. More recent observations
indeed contradict the results of Zach & Cohen, mostly because the latter were obtained
with prolonged exposition.> For example, Baldissara et al.? reported that short-term
exposure to thermal increases ranging from 8.9 to 14.7°C did not appear to be a major
injurious factor for healthy dental pulps. In any case, it seems reasonable to keep pulpal
temperature changes as small as possible. Moreover, it is very difficult to predict the
temperature rise in any particular tooth due to multiple variables, including dentin
thickness, preparation depth, output intensity and exposure time.!! As AT is inversely
correlated with the remaining dentin thickness,?’ practitioners should be aware that in
the presence of a thinner dentin layer AT values may be higher than those presented in
this work. For example, Tjan & Dunn?® state that the temperature rise recorded at the
light guide tip was reduced by between 8 and 48% with interposition of 1 mm dentin
and by between 40 and 66% with 2 mm. In the present study, the remaining dentin
thickness was set to a standard value of 2 mm to enable us to focus on the choice of

LCU and irradiation time and highlight trends related to these variables.

In accordance with Jakubinek et al.,> the present observations indicate that

safety criteria need to be determined. Similarly, Schmaltz and Arenholt-Bindslev? state
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that data on thermal effects should be available for all marketed LCUs. As there is no
consensus on the critical temperature above which pulpal damage can occur, an
improvement in mechanical properties (as a result of an increase in power density and/
or time) should only be validated if the associated AT is reasonable. Despite the better
microhardness values for shade A2 composite obtained with 40 s irradiations with the
B16i, BG2 and G lights, the AT was significantly higher (nearly twice) than the
standard (Fig. 5a). For these lights, when the irradiation time was reduced to 20 s, B161
still induced a significantly higher AT than the standard, while for BG2 and G there
were no significant differences in AT compared to X — 40 s. Therefore, BG2 and G
should be preferred and used for a maximum of 20 s for greater safety. However, a time
of 40 s could be recommended in endodontically treated teeth. For Bleach shade (Fig.
5b), the ATs were much lower than for shade A2, and, therefore, less critical in terms of
potential pulp damage. For BG2 and G, the LED lights that were most effective in terms
of Bleach shade composite microhardness, ATs were lower with 20 s irradiation than
with 40 s (non-significantly for BG2). As there was no/little improvement in VHN with
40 s irradiation, 20 s seems preferable. B161 and F2, the spectra of which are not
adapted to L, induced the highest ATs, close to the 5.5°C threshold when used for 40 s;
even with 40 s, the highest VHN was significantly less than that of the standard. These

lights should, therefore, not be used with Bleach shade composites.

More generally, it seems that the composite plays an insulatory role, despite the
exothermicity of the polymerization reaction.!3 3% This demonstrates that the heating
induced by the light has more impact on the temperature rise in the pulp chamber than
the exothermicity occurring as a result of the polymerization reaction of the 2 mm
composite. This also confirms that, contrary to what was expected, LEDs have the
potential to overheat the pulp. As shown by Asmussen & Peutzfeldt,!? the temperature
rise increases with increasing power density. Thus, compared to shade A2 (Fig. 5a),
Bleach shade (Fig. 5b) seems more effective at preventing heating of the pulp chamber.
This observation can be explained by two phenomena: First, Bleach shade composite
microhardness values were somewhat lower than those of shade A2 composite,
suggesting a lower degree of conversion, which can explain the lower exothermicity.
However, as stated earlier, the impact of this effect is probably minor. Second, Bleach
shade composite is very white, and probably absorbs less light than the more yellow

shades. For this reason, it may be useful to place the extra-white composite as the first
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layer of the restoration. Note that the thermal values measured here concern the initial
and deeper layers of a restoration. Given the insulation effect of the composite, the
irradiation time could probably be safely increased for subsequent layers, but this
suggestion needs to be verified. Regarding the uncovered tooth (Fig. 5c), the results can
approximately be assimilated to the polymerization of the dental adhesive, as its thin
nature would not significantly influence the results.3 It is obvious that the first step of
the restoration is probably the most critical for the pulp.!33° Notably, the most powerful
light units, B161, G, and BG2, may represent a risk for the pulp when they are used for
40 s or even for 20 s. Hence, the irradiation time used for these lights should be adapted
carefully for the adhesive layer and 10 s seems a safer choice for B16i, BG2 and,
especially, for G. In contrast, F2 seems a much safer choice for polymerization of the
adhesive layer, as the ATs of F2 — 10 s and F2 — 20 s were significantly lower than that
of X — 20 s (the protocol usually advised for the adhesive layer with conventional
halogen light). This finding certainly favors use of an LED LCU with a lower power
density for the polymerization of the adhesive. Of course, the associated adhesion

properties also need to be considered, which was not the purpose of this study.

To end up with, it must be reminded that even if dentists want to spend as little
time as possible per procedure, they need to be wary of the many claims made by LCU
manufacturers. The results of the present paper may help clinicians to better understand
the possible adverse consequences (lack of polymerization and temperature rise in the
pulp chamber) of their choice of LCU and/or curing parameters to polymerize materials

with different absorption characteristics.
6.6. Conclusion

In summary, this study provides valuable information on potential problems
related to the use of new LED lights to polymerize composites with different
photoinitiating systems. First, we demonstrated that a perfect correspondence between
light and material spectra is of prime concern, both to insure optimal polymerization
(assessed by microhardness) and to limit heating in the pulp chamber. Manufacturers
should, therefore, inform practitioners carefully regarding these spectra.  Second,
reduction in curing time is feasible as a result of a better-centered spectrum of LED and
a higher power density. Nevertheless, despite the limited importance of irradiation time
at the surface, time was very important at depth in order to obtain optimum
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polymerization. Hence, the potential to reduce irradiation time is limited by the need to
maintain VHN values as high as possible, especially at depth. In addition, time, and
particularly power density, must be optimized to insure reasonable levels of pulpal
heating. Notably, practitioners should remember that the effect of an increase in power
density on microhardness is limited, and any excess power density can result in
unjustified pulp heating in the same way as spectrum mismatch. In conclusion, the best
compromise between microhardness and pulp heating must be sought, and, in this case,
this appears to be achieved with G — 20 s and BG2 — 20 s. Note that these times are
longer than those recommended by the manufacturers; hence, dentists should be aware

that the recommended times are probably minimal times and not necessarily optimal.
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Z.1. Summary

Different irradiation protocols are proposed to polymerize dental resins and
discordances remain concerning their impact on the material. To improve this
knowledge, we studied entrapment of free radicals in unfilled Bis-GMA/TEGDMA
(50:50 wt%) resin after light cure. The tested hypothesis was that various irradiation
parameters (curing time, irradiance and radiant exposure) and different irradiation
modes (continuous and pulse-delay) led to different amounts of trapped free radicals.
The analysis of cured samples (n=3) by electron paramagnetic resonance (EPR)
revealed that the concentration of trapped free radicals significantly differed according
to the curing protocol. Comparing continuous modes with similar radiant exposure,
higher concentrations of trapped free radicals were measured for longer time with lower
irradiance. Concerning pulse modes, the delay had no influence on trapped radical
concentration. These results give new insights into the understanding of the
photopolymerization process and highlight the relevance of using EPR when studying

polymerization of dimethacrylate-based materials.
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7.2. Introduction

In modern dentistry, photopolymerizable resin-based composites have become
the choice material for the direct restoration of damaged teeth. However, despite
significant material improvements since their introduction, several drawbacks such as
inadequate curing depths and deleterious effects of polymerization shrinkage stress
remain. In an attempt to overcome these deficiencies various material aspects have been
investigated such as inorganic filler content, resin formulation, curing light technology
and photoinitiation protocols. In the latter field, despite the large number of studies
analyzing the effects of various initiation modes on the properties of photoactive
materials, discrepancies within the literature remain. Globally, two main goals are
pursued. Firstly, there exists a demand for reduction in curing exposure to minimize
chairside procedure times of multi-increment resin composite restorations. Accordingly,
several researchers support the exposure reciprocity law (Emami et al., 2006; Price et
al., 2004; Sakaguchi and Ferracane, 2001; Halvorson ef al., 2002), claiming that radiant
exposure (RE, J/cm?), the product of irradiance (I, mW/cm?) and exposure time (t, s), is
the main determining factor of the degree of conversion and mechanical properties of
the photoactive material. This supposes reciprocity between I and t, and encourages a
tendency among dentists and manufacturers to use or suggest a high-power illumination
in order to reduce curing time. However, other studies (Asmussen and Peutzfeldt, 2005;
Peutzfeldt and Asmussen 2005; Musanje and Darvell, 2003; Dewacele et al., 2009) have
reported that although RE plays an important role, I and t independently influence
polymer chain length, extent of crosslinking and mechanical properties, and as such,
exposure reciprocity does not hold under all conditions. Secondly, the use of “soft-
start” curing protocols was proposed to delay the onset of polymer gelation. Notably,
pulse-delay modes (consisting in a short flash of light followed by a delay before the
final polymerization) seem to contribute to a reduction of polymerization shrinkage
stress (Chye et al., 2005; Cunha et al., 2008; Kanca and Suh, 2004; Soh et al., 2004).
Nevertheless, some authors have also highlighted lower conversion values and/or
inferior mechanical properties of composites cured using those modes (Benetti et al.,
2007; Asmussen and Peutzfeldt, 2001 and 2003; Lu et al., 2005; Dewaele et al., 2009).
Although the use of alternative illumination methods may provide certain advantages,
their effect on polymerization mechanisms and final polymer characteristics are poorly

understood.
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One interesting approach to better grasp the chemical process of
photopolymerization is the observation of trapped free radical concentration. It has been
previously demonstrated that vitrified dental resins contain two types of trapped free
radicals (Retrapped), Which are detectable by electron paramagnetic resonance (EPR),
namely a “propagating” radical and an allylic radical type (Fig. 1) (Truffier-Boutry et
al.,2003). The study of Retapped 1s particularly relevant regarding dimethacrylate-based
resins as their polymerization leads to highly crosslinked networks, where
monomolecular termination, as a consequence of radical entrapment, becomes the
dominant pathway (Andrzejewska, 2001). A strong relationship between
autoacceleration and radical trapping was also suggested (Zhu ef al., 1990). This
highlights the importance of considering the amount of trapped radicals when studying
the impact of photoirradiation protocols, which to our knowledge, has never been
investigated with clinically relevant irradiation parameters. For that reason, the aim of
this paper was to test the null hypothesis that no difference in concentrations of ReTrapped
existed between samples cured at similar RE but different I and t, with or without a

delay.
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Figure | - 9-line EPR spectrum of experimental resin after polymerization and
chemical structure of both radical species. R stands either for a pendant
monomer; i.e. Bis-GMA or TEGDMA, carrying the second and unreacted

methacrylated group, or for a polymer chain. The respective intensities of both

radical species were assessed by the measurement of peaks indicated by arrows.
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7.3. Materials and Methods

Bisphenol A glycidyl dimethacrylate (Bis-GMA) (Heraeus Kulzer, Wehrheim,
Germany) and triethylene glycol dimethacrylate (TEGDMA) (Aldrich, Belgium) were
used without further purification from the supplier and mixed in an equimolar
concentration. A photoinitiator system comprising of 0.5 mass% camphorquinone (CQ;
Aldrich, Belgium) and 0.5 mass% of N,N-dimethyl-p-aminobenzoic acid ethyl ester
(DABE, Aldrich) was incorporated into the resin. The resin was placed in a rectangular
brass mould (7 x 1 x 1 mm), covered with Mylar film and cured (at 23 = 1°C) with a
halogen light (Optilux 501, Demetron/Kerr Co., Orange, CA, USA) with the curing tip
(8 mm exit diameter) centrally placed on the mould, in contact with the film. Two
different illumination modes were used: continuous and pulse-delay (1 second cure, 1 —
2 or 3 min delay, final cure), for which t and I were adapted so that only two different
REs of 6 and 12 J/cm? were obtained (Table 1). A rheostat was used to achieve 3
specific irradiances (150, 300 and 600 mW/cm?) that were verified using a differential
scanning calorimeter (DSC822, Mettler Toledo, Zaventem, Belgium) equipped for in
situ irradiation. An aluminum crucible filled with black graphite powder was irradiated
to insure complete absorption of emitted photons, while the other crucible was left
empty and not irradiated. Following irradiation, specimens (n = 3) were carefully stored
in a lightproof container between subsequent measurements and recovered for analysis
by EPR (MiniScope MS200 with rectangular resonator TE102, Magnettech, Berlin,
Germany) 5 min, 1 to 6 h, 1 day, 1, 2 and 3 months post irradiation. An alignment
device was used to ensure an identical position of the sample in the EPR cavity,
enabling accurate comparisons of the peak intensities. EPR parameters consisted of:
center field, 3367.42 G; frequency, 9.30 — 9.55 GHz; sweep width, 198.40 G;
modulation amplitude 1 G, microwave power, 0.5 mW. As peak width did not
significantly vary with time, measurement of the height of some EPR peaks could be
used to determine the relative concentration of Retmpped: height of the fifth (from 334,9
to 335,5 mT) and fourth peaks (from 336,1 to 336,6 mT of the magnetic field) of the 9-
line spectrum for allylic (Reany1) and propagating radicals (Repropag), respectively (Fig.
1). These peaks are least influenced by the signal of the other radical types.
Concentrations of ReTmpped at each storage time were analyzed by one-way ANOVA and

Tukey’s test (p = 0.05).
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7.4. Results

Figures 2a and 2b present the evolution of Retmpped concentrations with time
for the continuous modes for Reaiy1 and Repropag, respectively. The curves of both radical
species display similar profiles (logarithmic time scale), except during approximately
the first 4 h, where concentrations of Repropag decreased at higher rates compared with
Reanyt, which is further highlighted in Figure 2c. As it can be observed on Figures 2a
and 2b, the curves are parallel during the first 24 hours. Therefore, the results and
statistical analyses for both radical types will only be displayed for 5 minutes and 24
hours storage periods (Table 1). In the same way, as pulse-mode curves showed similar
profiles to continuous-mode curves, but overlapped with them, they were not displayed
here for more clarity. Nevertheless, values and statistical analyses that were not reported
in the manuscript are available within the Appendix. In Table 1 was also reported the
mean degree of conversion of each mode (published data from Dewaele et al., 2009;
they were obtained with the same resin and same irradiation protocols, and are
reproduced here for the reader convenience). Generally, as it can be observed in Fig.
2a, 2b and Table 1, increased concentrations of Retrpped Were measured for continuous
mode curing regimes following higher (12 J/cm?) compared with lower RE (6 J/cm?).
However, the amount of ReTrapped generated by 20 s x 600 mW/cm2 (12 J/cm?) and 40 s
x 150 mW/cm? (6 J/cm?) were not significantly different (p > 0.05). Moreover, while
the increase in concentration of both radicals is significant (p < 0.05) when using twice
the exposure time (40 s x 150 mW/cm? to 80 s x 150 mW/cm? and 20s x 300 mW/cm?
to 40 s x 300 mW/cm?), it is not significant (p > 0.05) when applying twice the
irradiance (40 s x 150 mW/cm? to 40 s x 300 mW/cm? and 20s x 300 mW/cm? to 20 s x
600 mW/cm?). Comparing continuous modes with similar RE, higher concentrations of
ReTrapped Were measured for longer exposure time with lower irradiance. There was no
influence of the delay time on the concentration of Retrapped, for either the application of
a 1, 2 or 3 minute delay or when comparing pulse delay with continuous mode for the

same RE (Table 1).
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Figure ¢, each point indicates the respective concentrations of both radical types at a given
time.
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Table 1
Trapped radicals concentration (a.u.)
Radiant - N - - DC
Modes Exposure Allylic Radicals Propagating Radicals (%; mean
(JIem?) 5 min 24 hours 5 min 24 hours +/- sd)*
(mean +/- sd) (mean +/- sd) (mean +/- sd) (mean +/- sd)
80s x 150 mW/cm® 12 20353 (496)° 15933 (227)° 2049 (44)° 1327 (20)° 71(2.0)
40s x 300 mW/cm? 12 17393 (498)° 13372 (302)°° 1758 (68)° 1135 (37)°°¢ 72(3.3)
1s - (1min) - 39s x 300 mW/cm® 12 17456 (531)° 13779 (315)° 1678 (28)°° 1178 (28)*°° 63(1.8)
1s - (2min) - 39s x 300 mW/cm® 12 17629 (439)° 14271 (106)° 1753 (56)° 1189 (15)*° 64 (3.2)
1s - (3min) - 39s x 300 mW/cm? 12 17402 (808)° 13341 (575)°° 1730 (89)>° 1122 (32)°°¢ 66 (1.8)
20s x 600 mW/cm’ 12 16039 (114)°°*° | 12106 (500)*° 1582 (22)°°° | 1037 (52)°°°*"¢ | 69 (7.4)
1s - (1min) - 19s x 600 mW/cm’ 12 16470 (225)°°° | 12317 (225)°%° | 1556 (170)>°*° | 1035 (15)°**"® | 65(2.5)
1s - (2min) - 19s x 600 mW/cm? 12 16800 (278)°° | 12567 (236)*° 1589 (59)°°¢ 1089 (40)°°%* | 65(0.8)
1s - (3min) - 19s x 600 mW/cm® 12 15636 (76)°**" | 11483 (76)*®' | 1519 (148)>**° | 996 (110)**'*" | 65(4.2)
40s x 150 mW/cm® 6 16288 (274)°°°° | 12440 (336)>° 1714 (59)°° 1069 (31)°°%*" | 69 (2.9)
20s x 300 mW/cm? 6 14792 (659)°'° | 11199 (548)*' | 1546 (76)>“°° 957 (54)>"9" 68 (2.6)
1s - (1min) - 19s x 300 mW/cm? 6 13947 (894)°" | 10762 (487)"*" | 1499 (59)°** 925 (50)"e" 62 (1.5)
1s - (2min) - 19s x 300 mW/cm® 6 15145 (783)*°*° | 11424 (475)"* 1615 (103)"° 1017 (23)*°"° 63 (0.4)
1s - (3min) - 19s x 300 mW/cm® 6 14373 (895)"° 10854 (524)"° 1495 (52)°*°" 954 (35)>e" 61(1.3)
10s x 600 mW/cm® 6 12477 (198)™ 9900 (20)°*™ 1306 (33)>"° 850 (24)™ 65 (0.5)
1s - (1min) - 9s x 600 mW/cm® 6 11994 (170) 9565 (165)"" 1348 (79)*°'° 864 (34)™ 60 (4.0)
1s - (2min) - 9s x 600 mW/cm? 6 11218 (579) 8594 (553)' 1158 (80)° 792 (74) 61(3.9)
1s - (3min) - 9s x 600 MW/cm? 6 11747 (458) 8799 (612)" 1289 (89)° 900 (93)°™ 61(1.1)

Similar letters connect values that are not significantly different.
*Data from Dewaele et al., 2009

7.5. Discussion

The two distinct phases of radical concentration highlighting the decrease of
ReTrapped following polymerization (Fig 2a and 2b) are in accordance with previous work
(Truffier-Boutry et al., 2006, Leprince et al., 2009). The decrease in ReTrapped from 0
to 24 h was attributed to post-cure volumetric shrinkage (Truffier-Boutry et al., 2006)
whereas from 24 h to 3 months the effect of oxidation by atmospheric oxygen may play
a more significant role in the reduction of radical concentration (Leprince et al., 2009).
As two radical species are considered, the relationship between both species requires
clarification. From what appears on Fig. 2c, Repropag concentrations decrease at higher
rates than Reany during the first 4 hours. As mentioned above, during approximately the
first 24 hours after light cure, volumetric shrinkage occurs. As a result, Retapped move
closer to each other and the probability of termination increases due to shrinkage
(Truffier-Boutry et al., 2006). But whilst Reanyl are unable to react with species other
than free radicals (higher stability due to a resonance phenomenon, Fig. 1), Repropag
exhibit sufficient reactivity to interact also with remaining double bonds. In this way,
additional propagation reactions can repeat locally, slightly increasing DC (Truffier-
Boutry et al., 2006) and local radical mobility, leading to some bimolecular radical
termination through reaction-diffusion controlled termination mechanism (Anseth et al.,

1995).
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Regarding the comparison of free radical concentrations, the period from 5

minutes to 1 day post-cure should be considered, since radical concentration within this
timeframe remains proportional between curing regimes. For continuous curing modes,
the increase in ReTmpped concentration following twice the RE, either by doubling I or t
(Figures 2a and 2b, Table 1), can be explained by the creation of a higher concentration
of free radicals (generated by an increase in number of photons), which are more likely
to become trapped. However, for similar RE, higher concentrations of Rerrapped Were
measured for longer t and lower I. This observation is in apparent contradiction with the
reciprocity observed between I and t for CQ quantum yield of conversion (number of
converted photoinitiator molecules per number of absorbed photons) (Chen et al.,
2007). However, even if the same total amount of radicals are created, it does not
necessarily result in the same number entrapped. This can be explained by considering
both types of termination mechanism co-existing during polymerization (Lovell et al.,
1999): while bimolecular termination probably prevails during the very initial stages of
the reaction, monomolecular termination (first-order) dominates when molecular
diffusion becomes limited (autoacceleration). There is probably a loss of a given
amount of radicals during the early stages by bimolecular termination. This loss (or
early termination) is higher for high irradiance protocols, as termination is proportional
to [Re]?. As a result, at constant RE but higher I and shorter t, the amount of growth
centers created during auto-acceleration is lower, leading to a lower final concentration
of ReTrapped. In other words, the amount of Retrapped measured in the present work may
provide an indication of the quantity of growth centers created during auto-acceleration.
In light of theses results, the use of EPR to measure Retrapped gives valuable information
on monomolecular termination, which is critical in highly crosslinked systems. Other
recent work has suggested that the applicability of exposure reciprocity law depends on
the other factors than irradiation parameters alone, such as Bis-GMA/TEGDMA ratio
(Feng and Suh, 2007) and the efficiency of the photoinitiator (Leprince et al., 2009).
Prospectively, the measurement of Retrapped Will be very useful in further understanding
complex photopolymerization processes and related experiments are ongoing by the

authors.

For pulse-delay modes, no influence of any delay time (1, 2 or 3 minutes with
no irradiation) was observed on the concentration of Retwmpped Or compared with

continuous mode curing with similar RE (Table 1). However, DC values associated
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with pulse-delay protocols were lower than those associated with the continuous mode
of similar RE (Table 1; Dewaele ef al., 2009), which can be explained by differences in
polymer chain growth. The initial pulse probably results in microgels with relatively
linear polymer chains (few pendant double bonds available) (Poshusta et al., 2002;
Dewaele et al., 2009) and where most free radicals probably terminated. During final
irradiation, these microgel regions, in which unreacted double bonds are less available
are certainly less reactive. Therefore, they may disturb the polymerization reaction
compared with a continuous irradiation, leading to reduced DC. However, as discussed
above, most of the free radicals are trapped when propagation becomes diffusion-
controlled. Therefore, it might be assumed that the irradiation parameters at the time of
auto-acceleration govern the final amount of trapped radicals, leading to comparable

amounts of Retrapped With or without a delay.

In conclusion, for continuous modes, the null hypothesis must be rejected as
the concentrations of Retrapped between samples not only depend on RE but also on I and
t. Conversely, regarding pulse-delay mode, the null hypothesis cannot be rejected, as the
presence of a delay does not have a significant influence on the concentrations of
ReTrapped When compared to the equivalent continuous mode of same irradiance and total

irradiation time.
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Photoinitiator type and applicability of ERL in filled and unfilled photoactive resins
8.1. Summary

OBJECTIVES: To test the influence of photoinitiator type and filler content on

the validity of exposure reciprocity law.

MATERIALS AND METHODS: 50/50 mass% Bis-GMA/TEGDMA resins
were prepared with equimolar concentrations of camphorquinone/DMAEMA (0.20/0.80
mass%) (CQ) or Lucirin-TPO (0.42 mass%) (L), and were used either unfilled (U) or
filled (F) to 75 mass%. Specimens were cured with a halogen Swiss Master Light
(EMS, Switzerland) using four different curing protocols: 400 mW/cm? for 45 s as
reference protocol (18 J/cm?), 1500 mW/cm? for 12 s (18 J/cm?), 3000 mW/cm? for 6 s
(18 J/em?) and 3 s (9 J/cm?). Degree of conversion (DC) was measured in real time for
70 s by FT-NIRS and temperature rise using a thermocouple. Depth of cure (DOC) was

determined with a penetrometer technique.

RESULTS: With respect to DC and DOC, ERL did not hold for any tested
material, except for the DOC of F-CQ. At similar radiant exposure, DC was
significantly higher (p<0.05) for all L-based materials (U-L and F-L) compared with
CQ-based materials (U-CQ and F-CQ). As exposure time was reduced and irradiance
increased, L-based materials exhibited higher DC whilst an opposite trend was observed
for CQ-based materials (p<0.05). For similar curing regimes, DOC of CQ-based
materials remained significantly greater than that of L-based materials. Adding fillers
generally reduced DC, except at higher irradiance for CQ-based materials where a

positive effect was observed (p<0.05).

SIGNIFIANCE: The validity of exposure reciprocity law was dependent on
several factors, among which photoinitiator type and filler content were important.
Lucirin-TPO is a highly reactive and efficient photoinitiator, which may allow the
potential for a reduction in curing time of L-based photoactive materials in thin sections

due to its reduced depth of cure.
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8.2. Introduction

In restorative dentistry, there exists a significant demand for reduction in
curing duration to minimize chairside procedure times of multi-increment resin
composite restorations. Combined with the increasing popularity and demand for
photoactive resin-based restorations as a replacement for dental amalgam, major
financial implications have been suggested for dentists who chose to use high power,
fast curing light sources. In order to achieve shorter exposure times (<10 s), whilst
maintaining optimum material properties, the general trend among manufacturers has
been to produce light curing units with increased irradiance. This is based on the
assumption that the total energy of the irradiation, i.e. radiant exposure (RE, J/cm?), is
the main determining factor in degree of conversion and mechanical properties of the
photoactive material. As RE is the product of irradiance (I, mW/cm?) and irradiation
time (t, s), it supposed that comparable material properties result from similar RE, no
matter how RE is obtained (by different combinations of I and t). This is the principle
known as the “exposure reciprocity law (ERL)”. While in certain cases the law holds
quite well [1-4], other studies have reported that although RE plays an important role, I
and t independently influence polymer chain length, extent of crosslinking and
mechanical properties, and as such, exposure reciprocity does not hold under all
conditions [5-9]. A major difference among these previous citations is that some
consider filled and others unfilled materials. As the experimental conditions seem
critical to study ERL validity, it is relevant to include both classes of material in a single

study, which to our knowledge has yet to be investigated.

Alternative photoinitiators have been integrated in commercially available
materials in the last few years, mostly for aesthetic reasons, due to yellowing by
camphorquinone/amine systems [10]. As some of these “alternative” photoinitiators are
also interesting in terms of photopolymerization efficiency, they might also have an
impact on the validity of ERL. Notably, Lucirin-TPO (L), a monoacylphosphine oxide,
seems to be a promising molecule, as it presents higher molar absorptivity and curing
efficiency [11, 12]. However, considering the absorption characteristics of L and the
increased scattering of light of shorter wavelength, inferior curing depth of materials
that replace CQ with L may be a cause for concern [13, 14]. Although recent work has
highlighted the potential of Lucirin-based polymers to be cured in thick layers [15] and

for use in dental adhesives [16], its application in filled resin composites has not been
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fully described. To date, the curing efficiency of L in filled resin-based composite has
only been studied in commercial materials [13, 14, 17], in which L is not used by itself
but in combination with CQ. In the latter case, lower quantum yields were measured for
polymerization initiated by a mixture of L and CQ compared to systems in which L was
used alone, probably due to a transfer from the more efficient photoinitiator (L) to the
less efficient one (CQ) [18]. In addition, the exact photoinitiator concentration and ratio

in these materials is proprietary.

Consequently, the aim of this work was to investigate the impact of
photoinitiator type on the polymerization efficiency in unfilled and filled experimental
resins. Degree of conversion (DC) and depth of cure (DOC) were measured to test the
null hypothesis that applicability of ERL depends neither on the photoinitiator type nor

on the presence or absence of fillers.

8.3. Materials and Methods

50 / 50 mass% Bis-GMA/TEGDMA resins were prepared with two different
photoinitiator (PI) systems at equimolar concentration: either camphorquinone/
dimethylaminoethyl methacrylate (shortened here as CQ) (0.20/0.80 mass%) or Lucirin-
TPO (L) (0.42 mass%). The resins were tested either unfilled (U) or filled (F) with
silanated barium glass fillers (0.7 um) (Esschem Europe LTD, Seaham) and fumed
silica (40 nm) (Aerosil, Evonik Industries, Germany) to 65/10 mass%, respectively.
Specimens were cured with a 11 mm diameter tip halogen Swiss Master Light (EMS,
Switzerland), chosen for its broad spectrum, overlapping the absorption spectrum of
both photoinitiators (albeit only partially with L). Emission spectra were measured by
calibrating a UV-Vis spectrometer (USB4000, Ocean Optics) using a deuterium
tungsten light source (calibrated to NIST standards) with known spectral output in the
UV-VIS and NIR range (Mikropack DH2000-CAL, Ocean Optics, Dunedin, USA),
which allowed absolute measurements of irradiance for the light curing unit (LCU). The
intensity of the LCU was controlled by stacking neutral density filters (Thorlabs, UK)
which produced a 6-fold reduction in irradiance over the whole spectrum. The
absorption spectra of the photoinitiators were determined in methyl methacrylate
(Sigma-Aldrich, UK) using the UV-Vis spectrometer coupled to a standard cuvette
holder in absorbance mode. Three different curing protocols were applied to compare

the applicability of ERL and another one to assess the potential of time reduction at the
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highest irradiance. 400 mW/cm? for 45 s was chosen as the reference protocol and
compared to protocols of the same radiant exposure (18 J/cm?): 1500 mW/cm? for 12 s
and 3000 mW/cm? for 6 s. The last irradiation protocol, 3000 mW/cm? for 3 s, was
chosen to assess the effect of half the radiant exposure on L-based materials. The
irradiance values were based on the in-built radiometer of the curing-unit and verified
by the spectrometer. Degree of conversion (DC) and rate of polymerization (R,) were
measured in real-time by Fourier Transform near infrared spectroscopy (FT-NIRS;
Figure 1) by monitoring the height of the peak at 6164 cm-!, which corresponded with
the vinyl -CH2 absorbance. Curing kinetics of resins and resin composites were
measured for 70 s through a 12 x 1.4 mm cylindrical white Teflon mould placed on a

glass slide and covered by a thin glass cover slip (n=3) (Figure 1). Though DC is known

Sample
| CoverSlip
Teflon Mould
) Optical Fibre (Out) \ \ [ 7
e b )
I —C_—*— —___FTIRBeam
t cooo 5mmi' ~‘» ".1/_7’

' '‘Optical Fibre (In) ’ Microsccpe Slide

)

Lightcuriﬁg Unit

Figure | - Experimental setup for of real-time FT-NIRS measurements

to slightly evolve up to 24 h after irradiation, the major part of the polymerization
occurs during irradiation [19]. For that reason, DC at 70 s after the start of irradiation
was chosen for comparison and will be referred to as DCM2*, A real time measurement
of the temperature rise during the polymerization was performed using a similar set up
as for FTIR measurements, except that the mould was split on one side to insert a
thermocouple. The latter was glued in place so that the bead of the thermocouple (1.5
mm diameter) was in contact with the outer edge of the sample. The thermocouple was
calibrated against a standard mercury thermometer. The depth of cure (DOC) was
measured by an penetrometer technique [20] after curing the samples in a cylindrical
Teflon mould (5 mm diameter) (n=3). Statistical analyses were performed on the DCMax,

RpM2x DOC and TM2x data sets using a general linear model (GLM) three-way analysis
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of variance (ANOVA) with PI (2 levels), filler inclusion (2 levels) and curing mode (4
levels) as the independent variables. Supplementary two-way ANOVA and post-hoc

Tukey multiple comparison tests (p=0.05) were also performed.
8.4. Results

Figure 2 presents a comparison between the absorption spectra of both
photoinitiators (CQ and L) and the emission spectra of the curing-unit at 400, 1500 and
3000 mW/cm?. An increased power of the curing unit resulted in a greater effective
irradiance at shorter wavelengths and thus the overlap with L absorption was improved.
However, spectral emission was better adapted to CQ absorption, as a greater overlap of

the two spectra was evident.
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Figure 2 - Absorption spectra (left axis, in LMol'em™") of CQ (light grey shade) and L (dark grey shade)
compared to emission spectra of the Swiss Master Light (right axis, in W/cm2nm) at different irradiances,
i.e. 400, 1500 and 3000 mW/cmZ2 An improvement of the overlap with L absorption can be observed
with increased power of the curing unit.

The GLM of all independent variables revealed significant differences
(p<0.001) where PI (df=1; F=5971) > filler inclusion (df=1; F=1302) > curing mode
(df=3; F=809). A two-way ANOVA test of DCM® results revealed significant overall
differences for both PI and curing mode (p<0.001). Comparing irradiation modes of
similar RE (18 J/cm?), DCM® was significantly higher for all resin and resin composite
L-based materials compared with CQ-based materials (p<0.05; Figures 3a and 4a,

Tables 1 and 2). For L, an increase in irradiance resulted in higher DCMax regardless of
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exposure duration, while a reverse trend was observed for CQ-based materials where
longer exposure led to higher DCMa* regardless of irradiance. DCMax significantly
decreased in most cases with addition of fillers (p<0.05), except for CQ-based materials
cured with the highest irradiance where filled resins exhibited a significantly increased

DCMax compared with the unfilled parent resin (p<0.05).

Mode Radiant DCM** (%) R (s7) T (°C) DOC (mm)
i - Exposure
Maters! Time Iradiance (jcmz) Mean (+/- SD) | Mean (+/- SD) | Mean (+/- SD) | Mean (+/- SD)
(s) (mW/cm?)

45 400 18 72.1(0.7)¢ | 0.024 (0.000)¢| 33.6 (2.0)"¢ 18.2 (0.2)®

uca 12 1500 18 65.8 (0.5)° |0.043 (0.001)°¢| 29.1 (1.4)° 16.9 (0.1)"
3000 18 43.9(1.2)' |0.040(0.001)¢| 19.5(3.9)¢ 14.4 (0.1)°

3000 9 25.7 (1.3)¢  |0.028 (0.001)%¢| 10.6 (1.4)° 9.5 (0.1)"

45 400 18 76.0 (0.1)¢ | 0.058 (0.001)¢| 29.5(1.9)>¢ 9.6 (0.3)"

m 12 1500 18 83.3(0.5)*° | 0.133(0.005)®| 41.5(3.2)* 11.8 (0.2)°
6 3000 18 85.0 (0.3)¢ | 0.186 (0.006)=| 41.1(1.8)* 10.4 (0.2)°

3 3000 9 82.1(0.2)° |0.177(0.014)°| 36.4(3.3)" 4.4 (0.2)°

Similar letters within columns indicate no significant difference (p<0.05)

For each curing regime, all L-based materials exhibited a significantly
increased RpM#* (p<0.05) compared with CQ-based materials, except for F-L and F-CQ
irradiated with the reference curing mode (400 mW/cm? for 45 s) (p>0.05) (Figures 3b
and 4b, Tables 1 and 2). Regarding TM#* (Tables 1 and 2), values were significantly
higher for U-L than for U-CQ, except for the reference curing protocol. A comparable
trend was observed for filled materials, although the differences between similar curing
modes were not statistically significant (p>0.05). Moreover, multiple regression
analysis revealed that DCMa and TM® were highly correlated for unfilled (R> = 0.95;
p<0.0001) and to a lesser extent for filled resins (R? = 0.74; p<0.0001). Contrary to the
observations of DCM# and R,M* DOC was significantly higher for CQ-based
compared with L-based materials (~1.5 to 3 times for unfilled and filled materials,

respectively; Tables 1 and 2).

Mode Radiant DC"=x (%) R ¥ex (s7) Tvx (°C) DOC (mm)
Material Time Irradiance Exposure
(Jlem?) Mean (+/- SD) | Mean (+/- SD) | Mean (+/- SD) | Mean (+/- SD)
(s) (mW/cm?)

45 400 18 57.6 (0.7)°¢ |0.022 (<0.001)¢| 14(0.3)¢ 10.6 (0.2)

Fca 12 1500 18 54.9(0.9)¢ | 0.043(0.001)¢| 17.6(0.5)** | 10.8(0.2)*
3000 18 50.8 (0.2)¢ | 0.056 (0.001)¢| 17 (1.4)2b¢ 10.1(0.3)*

3 3000 9 32.5(1.0)" | 0.043(0.001)¢| 7.6(0.1)° 7.3(0.2)°

45 400 18 62.7 (0.5)° | 0.028 (0.001)¢| 14.5(0.4)°< 3.2(0.2)°

FL 12 1500 18 65.2 (2.5)* | 0.071(0.01)® | 189(1.0)%* | 3.7(0.1)
6 3000 18 68(0.3)* | 0.104(0.005)*| 19.9(0.2)° 3.9(0.3)°

3 3000 9 59 (1.7)¢ | 0.109(0.002)*| 13.6 (4.2)° 25(0.3)°

Similar letters within columns indicate no significant difference (p<0.05)
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Comparing modes of different RE, both DCM* and DOC were significantly

lower (p<0.05) for CQ-based materials using the lower RE (9 J/cm?). Interestingly, in
the case of L-based materials, DCM2¢ at low RE is comparable in some cases or at least
close to DCMax at high RE, especially for unfilled resins. However, DOC at 9 J/cm?> RE
was significantly reduced (p<0.05) compared to all 18 J/cm? REs (Tables 1 and 2).

a
( ) 100% -
L6 s @ 3000 mWicm2

L12s @ 1500 mWicm?
é L3 s @ 3000 mWicm2
— L 45 s @ 400 mWicm2
CQ 45 s @ 400 mW/cmz
—CQ 12 s @ 1500 mW/cm2

— CQ 6 s @ 3000 mWicme

DC (%)

—CQ 3 s @ 3000 mWicmz

0% T T T T T T 1
0 10 20 30 40 50 60 70

Time (s)

(b)

L6 s @ 3000 mWicmz

0.20 7
L3 s @ 3000 mWicm2
ek L12's @ 1500 mWicm?
"_w
c‘r: 0.10 1 L45s @ 400 mWicm2
CQ 6 s @ 3000 mW/cm?
CQ 12's @ 1500 mW/cm2
0.05 - CQ 45 s @ 400 mW/cm?
CQ 3 s @ 3000 mwW/cm?
000 T T T T T T T 1
0 10 20 30 40 50 60 70
Time (s)

Figure 3 - DC (a) and Ry (b) curves in real time during 70 s for 50/50 mass% Bis-GMA/TEGDMA resin.
Grey and black curves correspond respectively to L-based and CQ-based resins. Irradiation modes are
indicated on the charts.

8.5. Discussion

The null hypothesis was partially rejected as both PI type and filler content
significantly influence material properties cured with similar radiant exposure with
varying irradiance and/or exposure time, which contests the applicability of ERL.

However, in certain instances comparable DCM# and DOC were observed regardless of
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curing protocol. Whilst reciprocity is observed for DOC of the CQ-based composite in
accordance with Nomoto et al. [21], it is not the case for DCM2* of the same material
tested here. The trend observed for CQ-based materials is in agreement with previous
literature [6,8] supporting that for these systems, t has more impact than irradiance on
the material properties. As explained in recent work on trapped free radicals [22], there
is probably a loss in radical growth centers by translational diffusion and bimolecular
(radical-radical) termination during the early stages of polymerization wherein system
mobility is high. This loss (or early termination) is greater for high I protocols, since at
low conversion termination is proportional to the squared concentration of free radicals.
As a result, at constant RE with higher I (and shorter t), the amount of growth centers
created during auto-acceleration is reduced and DCMax is significantly decreased
compared with similar RE achieved using lower I for longer t. However, while
variations in DCMax of CQ-based materials are obvious for unfilled systems, the
differences appear more subtle in filled materials and approach a reciprocal relationship
with respect to I and t. This effect may well be supported by previous findings [23]
demonstrating that trapped free radical concentrations were nearly 3 times higher in the
organic matrix of a filled composite than in a corresponding unfilled resin. The
explanatory hypothesis proposed in that work was spatial confinement of radicals in
filled resins, preventing their recombination. It could indeed be assumed that the
organic fraction is located in small interstices between inorganic particles, which could
restrict the diffusion of radicals to a relatively small area. But, it could also be related to
an increase in local viscosity, reducing molecular mobility, thereby favoring
monomolecular termination pathway. Feng and Suh [9] demonstrated that for Bis-
GMA/TEGDMA ratios equal to or above a 60/40 mass%, ERL holds, while below
40/60 mass% it does not. Interestingly, Beun ef al. [24] suggested that the large contact
area between fillers and resin probably results in a significant local increase in viscosity.
Surprisingly, at the highest irradiance, the filled CQ-based materials exhibited a
significant increase in DCMax and RyMax compared with the unfilled parent resin (50.8
and 43.9 %, 0.056 and 0.040 s-1, respectively). Since the polymerization kinetics of
CQ-based materials at high irradiance are limited, inclusion of filler particulates may
have affected light scattering properties through the Ilimited specimen thickness
(1.4mm) and/or provided some insulating effect which improved final conversion of the

filled composite. Further work regarding the synergistic effects of filler particles on
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local resin viscosity and curing kinetics is required to fully elucidate this phenomenon,

which is currently being investigated by the authors.
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Figure 4 - DC (a) and Ry (b) curves in real time during 70 s for 50/50 mass% Bis-GMA/TEGDMA resin
filled with 75 mass% fillers. Grey and black curves correspond respectively to L-based and CQ-based
resins. Irradiation modes are indicated on the charts.

By comparing CQ- with L-based materials, deviations from the simple
assumption of ERL can be highlighted. The significant increase in DCM of L-
compared with CQ-based materials (Figures 3a and 4a, Tables 1 and 2) can be explained
by an increased generation of free radicals resulting from the vastly higher molar
absorptivity (Figure 2) and quantum yield efficiency of L [11, 12] compared with CQ.
Photochemical cleavage of L (a Norrish Type I photoinitiator) results in two free radical
intermediates compared with one active radical in CQ/amine systems, and the absence

of co-initiator for L reduces the intermediate steps required for radical production.
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Nevertheless, even if it can be assumed that an increased number of free radicals led to
higher RyMa%, the increased efficiency of higher irradiance modes achieved by curing L-
based materials with the halogen curing unit is interesting, especially in unfilled resins.
First, it must be underlined that the positive impact of higher irradiance is overestimated
due to a greater effective irradiance and enhanced overlap of L-absorption with
increasing power of the curing unit (Figure 2). Second, the quantum yield efficiency
was reported to be 5 times higher for L than for CQ with a halogen light [12]. Hence,
despite some radical loss by early recombination, there is probably a much quicker
build-up of the polymer network into a gel-phase, favouring radical entrapment and
leading to an earlier onset of autoacceleration (Figures 3b and 4b). During
autoacceleration, which is characterized by a low termination rate, L-based materials
generate many more polymer growth centers. At high irradiance, this results in a
significantly increased RyM* compared with CQ-systems, which can compensate time
reduction and lead to high DCM#®, In addition, the influence of temperature must not be
neglected. As high RyMax is associated with a greater and quicker reaction exotherm, it

further improves DCM#x by increasing monomer mobility.

Despite their obvious higher curing efficiency highlighted above, L-based
materials exhibit inferior curing efficiency through depth, for unfilled and even more for
filled materials. Since L is a colourless photoinitiator and has been shown to exhibit
efficient photobleaching properties with no absorbance of photolysis products above
360 nm [15], negligible light attenuation through unfilled L-based resin might be
assumed although high exotherm and increasing UV radiation may cause some
oxidation and discolouration of the polymer resin. The more likely explanation for
inferior cure depth of L-based materials is related to the much higher molar absorptivity
of L [11]. At similar PI concentration, L absorbs many more photons than CQ, which
reduces the penetration of light through depth. In the present study, the ratio of
CQ:amine was selected as an optimum combination to produce maximum DC [25] and
CQ concentration represented that used in commercial composites [26], and an
equimolar concentration was used for L for comparative purposes. However, given the
very high polymerization efficiency of L, its concentration could probably be reduced,
thereby improving DOC. As for the additional decrease of DOC in filled materials, it is
probably related to an increased light scattering at the shorter wavelengths that

correspond with the effective absorption of L [10]. However, the effective spectral
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irradiance of the curing-unit in the absorption range of L is several times lower than that
of CQ. As there is a linear correlation between irradiance and DOC [27], a higher DOC
for L -based materials might be achieved using a higher intensity source emitting

specifically around 400 nm.

8.6. Conclusion

In most cases, the implicit assumption of ERL was not upheld. Exposure
reciprocity relies on the extent of monomolecular termination of the curing material,
which is directly affected by molar absorptivity, quantum yield efficiency, material
viscosity and temperature. However, while the validity of this law appears far from
systematic, there is a clear interest to consider its global relevance to clinical practice
and the potential of significant time reduction using modern high-irradiance curing
lights. From this work, it appears that this potential clearly depends on the photoinitiator
type, as L-based materials reach higher DCM# than CQ-based materials at similar RE,
or even with half the RE. However, the problem of low DOC of L-based materials still
has to be addressed. For CQ-systems only, filler content has an impact on the efficiency
of high irradiance modes, probably due to decreased local mobility of monomers. This
underlines the necessity to adapt curing protocols according to the material filler

content, which is of prime interest for clinicians. Research is ongoing on this topic.
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