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Effect of Insufficient Light Exposure
on Polymerization Kinetics of
Conventional and Self-adhesive
Dual-cure Resin Cements

Y Jang ¢ JL Ferracane ¢ CS Pfeifer « JW Park ¢ Y Shin ¢« BD Roh

Clinical Relevance

Insufficient light exposure could result in low degree of conversion of dual-cure resin
cement, which is even lower than that of self-curing alone. Clinicians need to modify their
curing strategies when sufficient light activation is difficult to achieve.

SUMMARY

Objectives: The purpose of this study was to
investigate the influence of insufficient light
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exposure on the polymerization of convention-
al and self-adhesive dual-cure resin cements
under ceramic restorations.

Methods: Two conventional dual-cure resin
cements (Rely-X ARC, Duolink) and two self-
adhesive resin cements (Rely-X U200, Maxcem
Elite) were polymerized under different curing
modes (dual-cure or self-cure), curing times (20
and 120 seconds), and thickness of a ceramic
overlay (2 and 4 mm). Polymerization kinetics
was measured by Fourier transform infrared
spectroscopy for the initial 10 minutes and
after 24 hours. Data were analyzed using
mixed model analysis of variance (ANOVA),
one-way ANOVA/Student-Newman-Keuls post
hoc test, and paired ¢-test (¢=0.05).

Results: When light-curing time was set to 20
seconds, the presence of the ceramic block
significantly affected the degree of conversion
(DC) of all resin cements. Especially, the DC of
the groups with 20 seconds of light-curing time
under 4 mm of ceramic thickness was even
lower than that of the self-cured groups at 24
hours after polymerization (p<0.05). However,
when light-curing time was set to 120 seconds,
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a similar DC compared with the group with
direct light exposure (p>0.05) was achieved in
all dual-cure groups except Maxcem Elite, at 24
hours after polymerization.

Conclusions: For both conventional and self-
adhesive dual-cure resin cements, insufficient
light exposure (20 seconds of light-curing time)
through thick ceramic restoration (4 mm
thick) resulted in a DC even lower than that
of self-curing alone.

INTRODUCTION

Nowadays, dual-cure resin cements have been the
material of choice in bonding of ceramic restorations.
They rely both on light-cure and chemical-cure
mechanisms in an attempt to ensure sufficient
polymerization throughout the material, even with-
out proper light activation. However, it has been
claimed that the two components do not always work
synergistically.' Meng and others* reported poor
microhardness of dual-cured resin cements, even
lower than the self-cured group, when it was
insufficiently light-activated through a 3-mm-thick
ceramic restoration overlay. They suggested that the
early vitrification induced by insufficient light
activation could interfere with the subsequent self-
polymerization, compromising the overall polymeri-
zation of dual-cure resin cements.

This is an important issue when considering that
predictable outcomes of ceramic restorations are
closely associated with sufficient polymerization of
underlying resin cement.® However, there has been a
lack of evidence regarding the characteristics of this
phenomenon. It is essential to observe the initial
polymerization kinetics to understand the polymer-
ization characteristics of materials in different
conditions; however, few studies have provided such
information having only presented intermittent
measurements such as microhardness at 24 hours
after polymerization.* Therefore, the understanding
of this issue remains unclear, and accordingly, the
risk of insufficient light exposure on dual-cure resin
cement has not been well recognized in the field of
restorative dentistry. Most manufacturers do not
consider ceramic thickness when recommending
light-curing protocols for dual-cure resin cements,
which is one of the major factors that determines the
amount of light transmission.®” Moreover, several
manufacturers have recommended even further
reduced light-curing times, ie, 20 seconds or below,
for some recent materials. Therefore, there is a need
to verify this issue and make guidelines that are
clinically relevant.

Operative Dentistry

The purpose of this study was to investigate the
influence of insufficient light exposure on the poly-
merization of conventional and self-adhesive dual-
cure resin cements under ceramic restorations. For
this, several different light-curing conditions were
simulated by combining the ceramic restoration
thicknesses and the light-curing times, and polymer-
ization kinetics were measured for the initial 10
minutes and then followed up after 24 hours. The null
hypothesis tested was as follows: dual-cured resin
cements always show higher degree of conversion
(DC) compared to self-cured resin cements.

METHODS AND MATERIALS
Fabrication of Ceramic Blocks

Lithium disilicate ceramic blocks (10X10 mm, IPS
e.max CAD/CAM, shade A3, low translucency, Ivoclar
Vivadent, Schaan, Liechtenstein) were cut by low-
speed diamond saw (Dk-2610, Struers Minitom,
Rodovre, Denmark) and polished with 400-, 600-,
and 800-grit silicon carbide papers, and their final
thickness was adjusted to 2.00 = 0.01 and 4.00 *
0.01 mm. They were cleaned with ultrasonic cleaner
(BioSonic UC50D, Coltene/Whaledent, Cuyahoga
Falls, OH, USA) for 5 minutes and then subjected to
the crystallization process in a ceramic furnace
(Programat P300, P81 mode, Ivoclar Vivadent).

Experimental Groups

Two conventional dual-cure resin cements and two
self-adhesive resin cements were studied (Table 1).
Each group of resin cement contained six subgroups
(2 ceramic thicknesses X 2 different light-curing
times + 1 positive control (direct light exposure
[DLE]) + 1 negative control (self-cured [SC]). Five
specimens were prepared for each subgroup (n=5).
The descriptions of the tested groups are given in
Table 2.

Measurement of the Curing Light Intensity
Through Ceramic Blocks

The light transmission value of an LED curing light
(Bluephase, Ivoclar Vivadent) was measured with a
laser power meter (Powermax 5200, Molectron,
Portland, OR, USA) with and without a ceramic
block. Measurements were repeated five times for
each group, and the average value was calculated
(Table 3).

Specimen Preparation

Resin cements were mixed according to the manu-
facturer’s instructions and placed on a glass slide.
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Table 1: Dual-cure Resin Cements and Self-Adhesive Resin Cements Used in This Study

Resin cement Manufacturer Shade Recommended light exposure protocol Batch
Rely-X ARC 3M ESPE, St Paul, MN, USA Transparent Light cure 40 s/surface N352609
Duolink Bisco, Schaumburg, IL, USA Transparent Light cure 40 s/surface 1200003240
Rely-X U200 3M ESPE, St Paul, MN, USA Transparent Single surface, from occlusal: 20 seconds 491292

(Self adhesive)

Any other surface: additional 20 seconds

Maxcem Elite Kerr, Orange, CA, USA Clear

Light cure 10 seconds when irradiance is 1000 mW/cm? 4720553

(Self adhesive)

Light cure 20 seconds when irradiance is 600 mW/cm?

Adhesive tape (Scotch Tape, 3M, St. Paul, MN, USA)
was applied to the glass slide before resin cement
placement and served as a spacer (10010 um) to
ensure a constant thickness of the resin cement
layer. Then resin cement was covered with a Mylar
strip and pressed with another slide glass to remove
the excess cement. Then a ceramic block (2 or 4 mm
thick) was placed above the Mylar strip. For the SC
group, a 2-mm-thick ceramic block was placed on the
specimen. For the DLE group, additional glass slides
were placed over the specimen to control the distance
between the light-curing unit tip and the specimen
at 2 mm (Figure 1).

Measurement of Degree of Conversion

The specimen was mounted in a plastic holder and
placed in the Fourier transform infrared spectrom-
eter (Nicolet 6700 FT-IR Spectrometer, Thermo,
Madison, WI, USA) at a 45° vertical angle (Figure
1). Infrared spectra were recorded immediately after
the placement, and then the specimen was illumi-
nated with the LED curing light for 20 or 120
seconds, except for the SC group. During the
illumination, the curing light was fixed with an
additional holder to maintain a uniform position
throughout the whole experiment. Spectra collection
was set up between 6140 and 6200 cm™! on
transmission enhanced synchronous protocol, near
infrared (IR) mode, taking one spectrum per second

Table 2:  Experimental Groups With Different Ceramic
Thickness and Curing Methods
Ceramic  Curing Resin cements and code
thickness, time,s of experimental groups
mm Rely-X Duolink Rely-X Maxcem
ARC U200 Elite
0 120 A DLE D DLE U DLE M DLE
2 120 A2-120 D2-120 U2-120 M 2-120
2 20 A 2-20 D 2-20 U 2-20 M 2-20
4 120 A 4120 D4-120 U 4-120 M 4-120
4 20 A 4-20 D 4-20 U 4-20 M 4-20
2 0 A SC D SC U SC M SC

(2 scans/spectrum) at 4 cm ' resolution. Data

collection was continued for 600 seconds, and each
test condition was replicated five times. DC was
calculated by the following equation:

DC(%) = {1 — (Peak area [p]/Peak area [u])} X 100(%),

where u and p refer to the unpolymerized and
polymerized cement, respectively, with the reaction
peak set at 6165 cm '.5'% Peak area (u) was
calculated by averaging values over the first 20
seconds before light exposure (40 data points), and
peak area (p) was measured twice at 10 minutes and
24 hours after data collection. Peak area (p) at 10
minutes was calculated by averaging values of the
last 50 seconds (100 data points), and peak area (p)
at 24 hours was calculated by averaging values for
20 seconds (40 data points) after 24 hours.

The polymerization rate curve was obtained by
taking the first derivative of the DC regarding the
time. The maximum value of the derivative was
taken as the maximum polymerization rate (Rp max,
ADC%/s), and the time required to reach the Rp max
was taken as the time of maximum polymerization
rate (Time of Rp max, seconds).

Polymerized specimens were removed from the
holder after 10 minutes, and resin cement thickness
was measured with a digital micrometer (Absolute
Digimatic Caliper, Mitutoyo Corp, Aurora, IL, USA)

Table 3: Light Transmittance Mean Values (SD) for Each
Experimental Condition (n=5)
Positive Experimental
control group groups
Ceramic thickness, 0 2 4
mm
Distance from 2 2 4
light-curing
unit, mm
Irradiance, 1085.4 (6.3 128.2 (2.6)° 25.6 (0.9)°
mW/cm?
Significant differences are shown by different letters within row according to
Student-Newman-Keuls post hoc test (p<0.05).
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Figure 1. Specimen positioning. (A) Holder; (B) resin cement; (C)
slide glass; (D) adhesive tape; (E) ceramic block or slide glass; (F)
mylar strip; (G) light-curing unit tip; and (H) IR path.

to ensure uniform thickness among the specimens.
Then both dual-cured and self-cured specimens were
stored in light-proof, dry conditions at 25°C for 24
hours. An IR spectrum was collected again for each
specimen after 24 hours, and the DC was calculated.

IR spectra data were extracted from the IR spectra
analysis software package OMNIC 6.0 (Thermo
Electron, Inc, Madison, WI, USA). Raw data were
analyzed by PeakFit v4.12 (Systat Software, Inc, San

Operative Dentistry

Jose, CA, USA) and smoothed under the Loess
algorithm, 2.0% level. A representative curve was
obtained by averaging data of five specimens in each

group.

Statistical Analysis

Statistical analysis was performed using SPSS
version 20 (SPSS Inc, Chicago, IL, USA). For DC of
resin cements, one-way analysis of variance (AN-
OVA) was done between six groups (4 experimental
groups + 2 control groups) to compare DC (%) at 10
minutes, DC (%) at 24 hours, Rp max (ADC %/s), and
time of Rp max (seconds), and a Student-Newman-
Keuls post hoc test was done for multiple compari-
sons. Then the paired ¢-test was done to compare DC
(%) at 10 minutes and DC (%) at 24 hours for each
group. For light transmission values of curing light,
one-way ANOVA was done, followed with a Student-
Newman-Keuls post hoc test for multiple compari-
sons (0=0.05).

RESULTS

Table 4 shows the mean and standard deviations
(SD) of the DC (%), Rp max (ADC %/s), and time of
Rp max (seconds) of the four resin cements. Light
transmittance values for each experimental condi-
tion are given in Table 3.

Table 4: DC (%) (SD) at 10 Minutes and 24 Hours After Polymerization, Maximum Polymerization Rate (ADC %/s), and Time of
Maximum Polymerization Rate (Seconds) of Rely-X ARC, Duolink, Rely-X U200, and Maxcem Elite

Rely-X ARC A DLE A 2-120 A 4-120 A 2-20 A 4-20 A SC
DC 10 minutes 80.65 (0.69)*P 78.89 (1.10)3P 75.09 (2.07)°° 71.92 (1.02)P® 63.46 (1.71)EP 56.25 (0.86)7°
DC 24 hours 86.97 (0.97)*2 86.48 (0.97)*2 85.29 (2.27)*2 82.82 (0.94)2 75.78 (2.22)P2 78.98 (1.68)°2
Rp max 7.42 (0.82) 4.80 (0.40)° 3.44 (0.60)° 4.73 (0.38)® 2.75 (0.41)P 1.08 (0.18)F
Time of Rp max 4,55 (0.73)B 7.33 (1.23)B 13.07 (1.97)B 8.42 (0.93)B 10.69 (2.23)B 137.38 (33.14)*
Duolink D DLE D 2-120 D 4-120 D 2-20 D 4-20 D SC
DC 10 minutes 69.27 (1.66)*° 69.62 (1.44)AP 69.69 (1.20)*° 62.95 (1.30)B° 60.23 (1.13)°P 53.79 (1.30)°®
DC 24 hours 74.55 (1.84)*2 74.74 (1.24)"2 75.56 (0.51)*2 69.65 (1.45)%%2 68.05 (1.10)%2 70.91 (1.23)B2
Rp max 7.51 (1.22)° 3.98 (0.61)2 2.47 (0.22)° 417 (0.36)® 2.52 (0.27)° 0.65 (0.13)°
Time of Rp max 3.07 (0.65)® 4.55 (0.89)B 9.90 (1.26)® 4.36 (0.73)8 12.87 (0.78)B 144.10 (42.04)"
Rely-X U200 U DLE U 2-120 U 4-120 U 2-20 U 4-20 usc
DC 10 minutes 65.38 (1.21)AP 65.47 (1.70)*P 63.75 (1.27)*P 56.92 (1.53)B° 49.39 (2.44)°° 30.63 (2.81)P°
DC 24 hours 71.63 (1.28)*2 71.86 (1.88)*2 69.78 (0.65)"2 64.28 (1.60)22 58.14 (1.69)P2 61.73 (2.17)°2
Rp max 5.04 (0.90)* 2.80 (0.29)® 2.59 (0.45)B 3.00 (0.36)2 2.32 (0.55)B 0.61 (0.27)°¢
Time of Rp max 4,55 (0.73)B 4.85 (0.41)B 9.60 (1.90)B 4.65 (0.75)B 7.03 (2.85)B 170.68 (45.15)*
Maxcem Elite M DLE M 2-120 M 4-120 M 2-20 M 4-20 M SC
DC 10 minutes 69.97 (2.03)*P 68.31 (1.41)AP 63.39 (2.96)2P 55.84 (1.25)%° 48.43 (3.11)PP 54.77 (1.21)%°
DC 24 hours 75.48 (2.18)*2 74.56 (1.69)*2 70.80 (3.49)B2 64.57 (1.07)°2 59.50 (2.33)P2 69.61 (1.14)B2
Rp max 3.22 (0.72) 1.78 (0.36)® 1.88 (0.29)2 1.58 (0.23)8 1.67 (0.19)8 0.96 (0.10)°
Time of Rp max 4.36 (1.07)® 7.33 (1.54)8 10.89 (1.64) 7.72 (1.34)B 10.79 (1.33)® 94.50 (14.83)"
Significant differences are written by different letters (uppercase letters within row; lowercase letters within column) within each resin cement according to Student-
Newman-Keuls post hoc test (p<<0.05).
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Figure 2. Representative real-time polymerization profiles of (A) Rely-X ARC, (B) Duolink, (C) Rely-X U200, and (D) Maxcem Elite according to light-

curing condition during the initial 10 minutes.

Polymerization Kinetics (0-10 Minutes)

Figure 2 shows the effects of light-curing condition
on the real-time polymerization profile for each resin
cement. Generally, the dual-cure groups showed a
rapid DC increase immediately after the light
exposure, whereas the self-cure groups showed a
more gradual increase. Figure 3 describes polymer-
ization rate as a function of DC. When assuming the
point of DC with Rp max as the vitrification point,*!
dual-cure groups with a 4-mm-thick ceramic overlay
revealed early vitrification in relation to other dual-
cure groups, whereas the point of vitrification was
not apparent in self-cure groups (Figure 3). The
overlying ceramic thickness (0, 2, and 4 mm thick)
significantly influenced Rp max and time of Rp max
(Table 4), which is directly related to the polymer-
ization profile before 20 seconds.

DC (10 Minutes and 24 Hours)

At 10 minutes after polymerization, significantly
higher DC was observed in all dual-cure groups
compared with the self-cure group, except Maxcem

Elite. However, at 24 hours after polymerization, the
DC of the self-cure groups equaled or surpassed that
of the 4-mm, 20-second groups regardless of the
material, and the M SC group showed even higher
DC compared with M 2-20 and M 4-20 groups
(p<0.05), which means there was even more in-
crease of DC in the self-cure group (Table 4; Figure
4).

The self-cured group revealed the highest DC
increase for all resin cements when comparing 10
minutes and 24 hours (Table 4). For the dual-cured
groups, the DC increase had a trend of inverse
relationship with the amount of initial light energy
received.

When light-curing time was set to 20 seconds, DC
was significantly affected by the presence of the
ceramic block, resulting in significantly lower values
compared with the group with DLE at 24 hours after
polymerization (p<<0.05). However, when light-cur-
ing time was set to 120 seconds, a similar DC
compared with the group with DLE (p>0.05) was
achieved in all dual-cure groups at 24 hours,
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Figure 3. Polymerization rate as a function of DC for (A) Rely-X ARC, (B) Duolink, (C) Rely-X U200, and (D) Maxcem Elite according to light-curing

condition during the initial 10 minutes.

regardless of the ceramic thickness, except Maxcem
Elite at 4 mm (Table 4; Figure 4).

DISCUSSION

The most notable point of this study is that all 4-mm,
20-second groups showed significantly lower DC
compared with the SC groups at 24 hours after
polymerization, rejecting the null hypothesis (Table
4; Figure 4). This confirms that insufficient light
exposure of a self-adhesive resin cement could result
in incomplete polymerization, even lower than that
of self-curing alone, which is consistent with previ-
ous studies that investigated conventional dual-cure
resin cements.?*

As dimethacrylate-based dental composites are
polymerized, mobility of radicals becomes restricted
by the growing cross-linked polymer network, and
radicals become essentially immobilized after the
point of vitrification.? In the dual-cure mode, light
activation induces rapid polymerization, with large
amounts of free radicals becoming trapped within
the organic matrix at the initial stage of polymeri-

zation, if insufficient curing energy is applied to
drive the reaction further to completion.’ Consid-
ering that the self-cure mechanism proceeds more
slowly, the early vitrification brought on by the
initial light activation minimizes the extent of the
subsequent self-polymerization of the dual-cure
resin cement, due to restricted molecular mobility.
When a sufficient amount of light energy is delivered
to a dual-cure resin cement, this kind of competitive
reaction would not be apparent because the dual-
cure resin cement has been polymerized well even if
the self-cure component becomes partially impaired.
In contrast, in the absence of light energy being
delivered to the resin cement, a certain degree of
polymerization could be attained solely due to the
progress of the self-cure component. In this study,
dual-cure groups with insufficient light exposures (4-
mm, 20-second and 4-mm, 120-second groups)
revealed early vitrification in relation to other
dual-cure groups (Figure 3), which is known to be
associated with the reduction in overall amount of
polymerization.!! Meanwhile, the point of vitrifica-
tion was not apparent in self-cure groups (Figure 3),
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Figure 4. DC (%) (SD) of Rely-X ARC, Duolink, Rely-X U200, and Maxcem Elite at 10 minutes and 24 hours after polymerization. Significant
differences are written by different letters (uppercase letters for DC at 24 hours after polymerization; lowercase letters for DC at 10 minutes after
polymerization) according to Student-Newman-Keuls post hoc test (p<<0.05).

which could be associated with more molecular polymerization of the 4-mm, 120-second group.
mobility and large amounts of delayed polymeriza- Musanje and others'® reported that when sufficient-
tion as a consequence. Therefore, cases in which ly long light-curing time is provided, adequate
insufficient energy could be applied to the cement, it polymerization can be achieved even at very low
would be better, from the standpoint of DC, to allow light irradiance (25 mW/cm?). Although “sufficiently
the self-cure reaction to progress without additional long” light-curing time would vary depending on the
light exposure. composition of the resin cement, 120 seconds of light-
When considering that the total light energy curing time was effeqtive in three of the four resin
applied for the DLE group (130,248 mJ/ecm?) was cgments .testeid in this study. Th.erefore;, prolonged
about 40 times higher compared with the 4-mm, 120- hght-cur.mg‘tlme could be an optlon‘to improve the
second group (3072 md/em?) in this study, the polymerization level of dual-cure resin cement.
similar DC of both groups cannot be explained based Rely-X U200 showed low DC in self-cure mode at
on the light energy—based polymerization concept. 10 minutes after mixing, being less than half of that
However, recent studies suggest that DC is not of U DLE group. However, it should be noted that
directly proportional to the total amount of energy the DC recovered to a level similar to that of U 2-20
applied to resin cement.'®'® It should be noted that (p>0.05) at 24 hours after polymerization, showing a
the light energy (mdJ/cm?) reveals simply the number large amount of delayed polymerization (Table 4;
of photons per unit area, and delivering more Figure 4). Such low initial polymerization rate and
photons does not necessarily result in more activated large delayed polymerization are general features of
photo-initiators and free radicals, because of rapid self-adhesive resin cements, and others have pointed
saturation of the photo-initiator system and restrict- out the presence of acidic functional monomers in
ed availability of monomers.'®* Therefore, the large the self-adhesive resin cements as the major
discrepancy of received light energy between the two cause.'®!” Acidic functional monomers are believed

groups cannot be the key factor explaining the to deactivate free radicals of methacrylate and
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produce an acid-base setting reaction, inducing a low
rate of co-polymerization and increased delayed
polymerization.!” As shown in this study, self-
adhesive resin cements experienced large delayed
polymerization that continued up to 24 hours, and
probably 7 days according to recent studies.'®
Therefore, sufficient time is needed to properly
evaluate the polymerization of self-adhesive resin
cements. Also, the self-curing potential of self-
adhesive resin cements might be understated if it
is evaluated at 10-30 minutes after polymerization,
as reported in previous studies.'®19:2°

On the contrary, Maxcem Elite showed high Rp
max in the self-cure mode, which resulted in higher
DC compared with M 4-20 group at 10 minutes, and
DC was even higher than the M 2-20 group at 24
hours after polymerization (p<<0.05; Table 4; Figure
4). This high self-curing potential of Maxcem Elite
has already been described in previous studies, and
higher amounts of self-curing components than
other self-adhesive resin cements and use of an
amine-free redox initiator system were suggested as
possible explanations.'®1® Although a definitive
explanation has not been given due to a lack of
information from the manufacturers, such high self-
curing potential of Maxcem Elite seems to be
suitable to obtain rapid polymerization in cases with
gold or zirconia crowns, where there is little chance
for light activation of the cement.

An attenuated total reflectance (ATR) accessory
has been used with a Fourier transform infrared
spectrometer in most studies on the polymerization
kinetics of resin composite.'%16-2%-28 However, only
the surface layer of the resin specimen (approxi-
mately 1-2 pm) can be analyzed in the ATR setting.
When considering that the polymerization level
can vary depending on the location within a layer
of dual-cure resin cement,?® ATR may not be the
best method to assess the overall quality of the
resin cement layer. Therefore, in this study, the
infrared beam path was designed to penetrate the
full thickness of the resin cements. For this
purpose, near-IR, with greater penetration, was
selected instead of mid-IR, and the specimen was
mounted on a holder at a 45° vertical angle to avoid
blockage of the IR path by the light-curing tip
(Figure 1). In this method, the IR beam penetrates
the overlying ceramic block and the resin cement
layer. However, it is well known that ceramic does
not alter the infrared spectrum, although it does
reduce the intensity,?® and we could not find any
disturbance of the IR spectrum by the ceramic

Operative Dentistry

interposition compared with the background spec-
trum.

CONCLUSIONS

Within the limitations of this study, the following
conclusions could be made. For both conventional
and self-adhesive dual-cure resin cements, insuffi-
cient light exposure (20 seconds of light-curing time)
through thick ceramic restoration (4 mm thick)
resulted in a DC even lower than that of self-curing
alone.
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