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Introduction damage or deep carious lesions, application of pulp

capping material is essential for pulp protection,

Pulp capping is a crucial procedure aimed at preserving Traditionally, calcium hydroxide has been widely used

pulp vitality, promoting healing, and protecting the pulp as a pulp capping material due to its excellent biocom-

tissue from harmful stimuli, In cases of severe tooth patibility and antibacterial properties, as well as its ability
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to stimulate hard tissue formation within the pulp.
However, calcium hydroxide is highly soluble and can
be gradually lost over time, Tt also has drawbacks such
as a relatively long setting time and limited handling
properties (1), These limitations may compromise the
long-term pulp protection effect, highlighting the need
for alternative materials,

Recently, light-cured pulp capping materials containing
resin monomers have gained popularity due to their
advantages over conventional calcium hydroxide-based
materials including a faster setting time, superior
mechanical strength, and lower solubility, These materials
also provide strong adhesion, reducing microleakage
between the restorative material and tooth structure, and
they exhibit lower potential for tooth discoloration and
are highly favored in clinical practice (2). Nevertheless,
insufficient polymerization of these materials can allow
residual monomers to diffuse through the dentinal tubules
and damage the pulp tissue. Furthermore, inadequate
polymerization may compromise the material’s
mechanical properties and bonding strength, leading to
microleakage (3). In addition, the heat generated during
light curing can increase the pulp temperature and
potentially cause thermal damage (4). Previous studies
have reported that an increase in pulp temperature of
5.5-11.1C or more may result in irreversible pulp damage
(5). Therefore, it is crucial to consider the temperature
changes that occur during the polymerization of
light-cured pulp capping materials to ensure pulp
protection, Since this factor may directly affect pulp vitality
during clinical procedures, it is necessary to evaluate the
curing depth, polymerization process, and thermal
characteristics of these materials (6).

Both the exothermic reaction of polymerization and
the radiant heat emitted from the light-curing unit are
major contributors to the increase in pulp temperature
during the polymerization of light-cured materials (7, 8).

Hence, it is important to assess factors influencing curing
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depth and temperature increase. Previous studies have
reported that the type of light-curing unit, light intensity,
irradiation time, material thickness, and composition affect
both the temperature change and curing depth (7, 9, 10).
Particularly, verifying whether sufficient polymerization
occurs under the manufacturer’s recommended conditions
is directly related to the material’s clinical stability (10).
However, there is a lack of comparative data on the curing
characteristics and thermal behavior of light-cured pulp
capping materials commonly used in clinical practice.
To reflect the diversity of materials used in clinics, this
study selected four representative types-calcium
silicate-based, calcium hydroxide-based, resin-modified
glass ionomer, and methacrylate resin-based-each known
for specific advantages in bioactivity, biocompatibility,
adhesion, or mechanical performance,

The purpose of this study was to experimentally
evaluate the curing depth and temperature changes
generated during light curing of five pulp capping
materials and to compare their polymerization kinetics,
The findings of this study aim to provide reliable data
for clinical application, ultimately enhancing both the
safety and effectiveness of treatment.

The null hypotheses of this study were as follows: (1)
there would be no difference in curing depth among
the materials, and (2) there would be no differences in

exothermic heat generation and temperature increase

during polymerization among the materials,

Materials and Methods

1. Materials

The names and components of the pulp capping
materials used in this study are listed in Table 1, The
tested materials included a calcium silicate-based material,

Theracal LC (Bisco, Schamburg, IL, USA); a calcium



Table 1. Brand names and their constituents of the pulp capping materials used in the study

Brand (Code) Component

Manufacturer

Theracal LC (TC) Calcium silicate particles (type Il Portland cement, Bisco, Schamburg, IL, USA

30-50%)
Bis-GMA (5-10%)
Barium zirconate (1-5%)

Ultra-Blend Plus Calcium dihydroxide (5%)

Ultradent Products,

- Opaque white (UB-OW) 2, 2’ - Ethylenedioxydiethyl dimethacrylate (<5%) South Jordan, UT, USA
- Dentin shade (UB-DS)  Tricalcium bis (orthophosphate) (<15%)

Vitrebond (VB) Powder 3M ESPE Dental products,
- fluoro-aluminosilicate glass (90-100%) St, Paul, MN, USA
- photoinitiator
Liquid

- polyalkenoic acid (35-45%)

- HEMA (hydroxyethylmethacrylate, 20-30%)

- water (30-40%)

- photoinitiator
Base-it (BI) Methacrylated phosphate (5-20%) SPIDENT Co.,
Hydroxyethyl methacrylate (10-20%) Incheon, Korea

(@)

change.

hydroxide-based material, Ultra-Blend Plus (Ultradent
Products, South Jordan, UT, USA); a resin-modified glass
ionomer, Vitrebond (3M ESPE Dental Products, St, Paul,
MN, USA); and a methacrylate resin-based material, Base-it
(SPIDENT Co., Incheon, Korea),
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(b)
Figure 1, (a) Cylindrical stainless-steel mold (internal diameter: 4 mm, height: 6 mm) to prepare specimens for measuring the depth
of cure, (b) Disc-shaped brass mold (internal diameter: 11 mm, thickness: 0.5 mm) to prepare specimens for measuring temperature

2. Measurement of curing depth

For measuring curing depth, a cylindrical stainless-
steel mold (internal diameter: 4 mm, height: 6 mm) was
placed on a glass slide covered with a transparent film,
Each material was applied to the mold according to the

manufacturer’s instructions, Another transparent film and



a glass slide were placed on top, and the excess material
was gently pressed out [Figure 1-(a)]. Light curing was
performed for 20 seconds using an LED curing unit (IB
Systems, Seoul, Korea) with an intensity of 1,793 mW/cm?,
After curing, the specimen was removed from the mold,
and the uncured material on the side opposite the light
source was scraped off using a plastic spatula, The height
of the remaining cured specimen was measured using
a micrometer and divided by two to determine the curing

depth, according to ISO standard 4049 (n=3) (11).

3. Measurement of temperature change during
polymerization

For measurement of temperature changes during
polymerization, disc-shaped specimens were prepared
using a brass mold with an internal diameter of 11 mm
and a thickness of 0.5 mm [Figure 1-(b)]. A non-contact
infrared temperature sensor (DTS-L300-V2, Diwellshop,
Gunpo, Korea, detecting wavelength range: 5.5-14 um,
operating temperature range: -20 to 70C) was used for
temperature measurements, Baseline temperature was
recorded for the initial 10 seconds, followed by light

irradiation for 20 seconds using the LED curing unit (Figure

2). At 300 seconds from the start of the first light curing,
a second light curing cycle was performed for 20 seconds,
The temperature change was continuously recorded for
a total of 610 seconds (n=3).

The temperature curve of the second curing was
subtracted from the first curing temperature curve to obtain
the net temperature increase curve. The following
parameters were analyzed: maximum temperature rise
during the first curing (4T at 1st peak), maximum
temperature rise during the second curing (4T at 2nd
peak), net peak temperature rise (Net peak temperature),
and time to reach the net peak temperature (Time at Net
peak temperature) (Figure 3). All experiments in Sections

2.2 and 2.3 were conducted at room temperature, 25+0.5C.

4. Statistical analysis

The differences in curing depth, maximum temperature
rise, and time to reach the maximum temperature among
the materials were statistically analyzed using one-way
analysis of variance (ANOVA), Tukey's post hoc test was
applied for multiple comparisons (a =0.05). Statistical
analysis was performed using SPSS software version 28,0

(IBM, Armonk, NY, USA).

(@)

Figure 2, (a) IR temperature measurement instrument and (b) schematic diagram of its structure,
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Figure 3. Representative curves of the temperature changes during photo-polymerization,

Results

1. Measurement of curing depth

The curing depths of the pulp capping materials are
presented in Table 2. BI showed the greatest curing depth
(1.98£0.08 mm), followed by UB-OW (1.28=0.03 mm),
VB (1,10%£0.00 mm), UB-DS (0.82%+0.03 mm), and TC
(0.52£0.03 mm) (p<0.05).

Table 2, Depth of cure (mm) of the pulp capping materials
(n=3)

Brand (Code) Depth of Cure (mm)

TC 052 (0,03°
UB-OW 1.28 (0.03°
UB-DS 0.82 (0.03°
VB 1.10 (0,00
Bl 1.98 (0,087

Standard deviations are shown in parentheses,
Different superscripts in the same column indicate significant
differences at p<0.05,
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2. Measurement of temperature change during
polymerization

The temperature changes during light curing are
summarized in Table 3. The maximum temperature
increase during the first light curing (4T at 1st peak)
was highest in UB-DS (18,020.3C) and lowest in UB-OW
(14,0£0.4C). During the second light curing (4T at 2nd
peak), UB-DS also showed the highest temperature rise
(10.8%£0.5C), while UB-OW exhibited the lowest (5.9
+0.3C).

Regarding the net peak temperature rise, BI recorded
the highest value (12.6+1.1C), with the shortest time
to reach the peak (2.8+0.1 s). In contrast, VB showed
the lowest net peak temperature (8.60.7C) and the

longest time to reach the peak (13.5£1.0 s).



Table 3, Temperature changes and peak time

of pulp capping materials during photo-polymerization

Time at net peak

st nd
Brand (Code) AT at °1 peak AT at °2 peak Net peak otemperature temperature
() () ()
S)
TC 174 (1.4 9.5(0.5)° 103 (1.2 10.5 (0.3
UB-OW 14,0 (0.4)° 5.9(0.3/° 11.2 (0.47° 3.8 (0.1)
UB-DS 18.0 (0.3/ 10.8(0.5) 10.3 (0.5/™ 48 (057
VB 149 (0.8 7.40.1F 8.6 (0.7 135 (1.08
Bl 153 (1.0 7.7(0.2F 126 (110 28 (0.1)°

Standard deviations are shown in parentheses,

Different superscript letters indicate significant differences among the materials in the same column (p<0.05).

Discussion

The curing depth and temperature changes during
polymerization of light-cured pulp capping materials
showed significant differences depending on the material
composition and shade, leading to rejection of both null
hypotheses in this study.

Curing depth is closely related to the physical properties
of the material and is a critical factor in ensuring
mechanical strength and biocompatibility in clinical
applications. The differences in curing depth are attributed
to the type and proportion of resin monomers,
photo-initiators, filler content, and translucency of each
material (7, 9, 12). These factors should be considered
when selecting appropriate materials in clinical settings.

BI demonstrated the highest curing depth (1,98 mm),
whereas TC showed the lowest depth (0.52 mm), The
superior curing depth of BI can be explained by its
methacrylate-based composition and translucent nature,
allowing deeper light penetration. In contrast, TC, based
on calcium silicate, exhibited low translucency due to
its high content of inorganic fillers, which likely caused
light scattering and limited depth of cure (1, 13). This
trend aligns with previous studies reporting that opaque

materials tend to have lower curing depths due to reduced
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light transmittance (10). A similar pattern was observed
between UB-OW and UB-DS, which share the same
composition but differ in shade. The Opaque White shade
(UB-OW) exhibited a deeper curing depth (1.28%+0.03
mm), than the darker Dentin shade (UB-DS, 0.82£0.03
mm), likely due to increased light transmittance through
the brighter material. These results further support the
notion that material color and translucency significantly
influence the depth of cure, even within the same product
line,

Insufficient polymerization of light-cured pulp capping
materials may result in residual monomers and
degradation products, which can diffuse through dentinal
tubules and cause cytotoxicity to pulp tissues (3, 14).
Residual components such as HEMA, TEGDMA, bis-
GMA, and camphorquinone may induce inflammatory
responses, oxidative stress, and pulp damage (1),
Therefore, when using materials with low curing depths,
clinicians should be cautious of potential incomplete
curing in deeper regions, which may compromise
mechanical properties and biocompatibility.,

The maximum temperature rise during the first light
curing (4T at 1st peak) ranged from 14C to 18C above
the baseline temperature of 25C. This exceeds the critical

threshold for potential pulp damage, as previous studies



have shown that a 5.5C rise causes necrosis in 15% of
cases and an 11T rise may irreversibly damage more
than 60% of pulp tissue (4). However, it is important
to interpret these results with caution, This in vitro setup
does not reflect the in vivo environment, where pulp
blood flow and surrounding dentin help dissipate heat
(5, 15). Therefore, the actual intra-pulpal temperature rise
in clinical scenarios is likely lower than the experimental
measurements (16, 17). Nonetheless, net peak temperature
serves as a useful index for comparing the intrinsic
exothermic behavior of materials. Although it cannot
directly predict pulpal injury thresholds in clinical
situations, materials showing consistently higher net

values may warrant closer attention, Future studies

correlating this parameter with histological pulpal
outcomes will be essential to define its clinical
significance.

Interestingly, although UB-DS and UB-OW have the
same chemical composition, UB-DS showed the largest
AT at the first peak (18,0+0.3C), while UB-OW showed
the smallest (14.0+£0.4C). In contrast, their net peak
temperatures were not significantly different (UB-DS: 10.3
£0.5C, UB-OW: 11.2%0.4C), suggesting that the
difference in initial temperature rise was primarily due
to variations in radiant heat absorption influenced by
material color and translucency. Previous studies also
reported that opaque materials tend to induce greater
temperature rises during light curing due to higher
absorption of radiant energy, while translucent materials
show relatively smaller temperature increases (9, 18).
Therefore, the higher initial temperature rise observed
in UB-DS was likely caused by increased absorption of
radiant heat, whereas the actual exothermic heat generated
from polymerization remained comparable between the
two materials,

The temperature rise during the light-curing process
is primarily attributed to two factors: the exothermic

reaction of the material itself and the radiant heat emitted
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from the light-curing device (19). In this study, the second
light curing was performed on already polymerized
specimens where no additional exothermic reaction
occurred. Therefore, the temperature rise measured
during the second irradiation reflects only the radiant heat
from the curing unit, By subtracting this radiant heat curve
from the first curing temperature curve, the net peak
temperature rise solely generated by the polymerization
reaction of the material was calculated, This method has
also been utilized in previous studies to distinguish
between heat generation from the curing light and that
from material polymerization (9, 18).

The effect of radiant heat from the curing unit is
influenced by the material's color and light absorption
characteristics, Fach material has inherent color properties
and microstructural differences, leading to variations in
light reflectance, absorption, and transmittance, Materials
with darker shades tend to absorb more light and transmit
less, resulting in a greater temperature rise due to radiant
heat absorption (18),

Among the materials tested, BI exhibited the highest
net peak temperature (12,6£1,1C) and the shortest time
to reach the peak (2.8£0.1 s), whereas VB showed the
lowest net peak temperature (8.6£0.7C) and the longest
peak time (13.5£1.0 s). BI, methacrylate-based with a
high resin content, generated substantial heat during
polymerization, Previous studies have also reported that
materials with higher methacrylate resin content produce
greater temperature rises during curing (10). Additionally,
faster polymerization leads to more rapid heat
accumulation, resulting in a shorter peak time.

In contrast, VB, a glass ionomer-based material,
exhibited low thermal conductivity and relatively lower
exothermic heat generation, Due to the simultaneous
occurrence of the acid-base reaction along with light
polymerization, VB showed a slower polymerization rate

and a more gradual heat release. This contributed to a

longer peak time and a milder temperature rise,



Furthermore, the water content in glass ionomer materials
enhances their heat capacity, mitigating temperature
changes. Consistent with previous studies, glass ionomer-
based materials exhibited lower temperature increases
(4T) during curing compared to resin composites (20),

The thermal diffusivity of materials is an important factor
influencing intra-dentin temperature distribution and pulp
protection during heat transfer (21, 22), Although this
study measured the surface temperature of each material,
it may not directly reflect the actual temperature change
within the pulp. Materials with high thermal diffusivity
can rapidly transfer heat toward the pulp during light
curing, potentially increasing the risk of thermal injury.
In contrast, materials with low thermal diffusivity tend
to accumulate heat, limiting the amount of heat transmitted
to the pulp (19). Glass ionomer and calcium silicate-based
materials have low thermal diffusivity, which may provide
an advantage in protecting the pulp (19).

Based on the results of this study, several important
clinical considerations are proposed when using
light-cured pulp capping materials, First, it is crucial to
optimize the light-curing conditions by considering both
the radiant heat from the curing unit and the exothermic
heat generated by the material itself. Although high-power
curing units can achieve rapid polymerization, they may
also generate excessive heat, increasing the risk of pulp
damage (10, 22). Therefore, an appropriate light intensity
and sufficient curing time are recommended to prevent
a sudden temperature rise while achieving adequate
polymerization (7, 9). This approach helps minimize heat
generation while ensuring complete curing.

Second, the color of the material can influence curing
depth, Darker materials generally exhibit lower light
transmittance, leading to reduced curing depth (6). In
such cases, incremental layering techniques should be
applied, where thin layers are repeatedly cured to ensure
complete polymerization throughout the material (9, 18).

This study was conducted under in vitro conditions
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that do not fully replicate the clinical environment. In
actual pulp chambers, thermal diffusion is modulated by
factors such as pulpal blood flow, dentin thickness, and
surrounding tissues, which can buffer heat and reduce
peak temperature rise.

Furthermore, the results were obtained using flat
specimens and standardized curing parameters, which
may differ from variations in cavity geometry or clinical
handling. Thus, while the findings provide a useful
comparative reference, clinical adaptation should consider

individual patient and procedural factors,

Conclusion

In this study, the curing depth and temperature changes
during the polymerization of five light-cured pulp capping
materials were evaluated. The materials exhibited distinct
curing depths and thermal behavior patterns, which may
contribute to preventing incomplete polymerization and
thermal damage to the pulp. These findings will help
to establish practical guidelines to improve clinical safety

and treatment efficiency.
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Original Article

Curing depth and temperature change during polymerization of
light—cured pulp capping materials

Jiyoung Yoon, Jung Yoon Chang, In-Bog Lee’

Department of Conservative Dentistry and Dental Research Institute,

School of Dentistry, Seoul National University, Seoul, Republic of Korea

Light-cured pulp capping materials are increasingly used in deep carious lesions due to their favorable handling and mechanical
properties, However, their polymerization depth and heat generation vary by composition and shade, which may influence
clinical outcomes. This study evaluated the curing depth and temperature changes of five light-activated pulp capping materials:
Theracal LC, two shades of Ultra-Blend Plus, Vitrebond, and Base-It. Curing depth was measured using a 4X6 mm (Internal
diameter, Depth) stainless-steel mold, and temperature changes were recorded with a non-contact infrared sensor during light
curing (1793 m\W/cmZ, 20 s). One-way ANOVA and Tukey’s post hoc test (@ =0.05) revealed significant differences among
materials, Base-It showed the greatest curing depth (1.98%£0.08 mm), while Theracal LC had the lowest (0.52£0.03 mm).
Ultra-Blend Plus — Dentin shade had the highest temperature rise (18.0%£0.3C), and the Opaque White shade the lowest
(14.0£0.4C). These findings suggest that material- and shade-specific characteristics affect curing behavior and thermal safety.
Incremental layering is recommended for low-depth materials, and heat management is important for high-exothermic ones,

These results may guide clinicians in selecting and handling pulp capping materials safely and effectively.

Keywords : Pulp capping material, Polymerization, Maximum temperature rise, Curing depth
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