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Abstract: Aim: The purpose of this study was to evaluate the mechanical properties of an experimen-
tal self-healing dental composite model (SHDC) composed of SiO2 nanoparticles with varying percent-
ages of triethylene glycol dimethacrylate (TEGDMA) monomer and N,N-dihydroxyethyl-p-toluidine
(DHEPT) amine microcapsules. Materials and methods: Microcapsules were prepared by in-situ
polymerisation of PUF shells, as explained in our previous work. The model SHDC included bisphe-
nol A glycidyl dimethacrylate (Bis-GMA:TEGDMA) (1:1), 1 wt% phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO), 0.5 wt% benzoyl peroxide (BPO) catalyst, 20 wt% silanised silica dioxide
(SiO2) (15 nm) and (0, 2.5, 5, 7.5, 10 wt%) of microcapsules (120 ± 45 µm). Light transmission,
hardness, degree of conversion (DC), flexural strength and elastic modulus of the SHDC model
were measured. Results: The degree of conversion of the SHDC ranged from 73 to 76% 24 h after
polymerisation. Hardness measurements ranged from 22 to 26 VHN (p > 0.05); however, the flexural
strength was adversely affected from 80 to 55 MPa with increasing microcapsules of up to 10 wt%
in the composites (p < 0.05). Conclusion: Only flexural strength decreased drastically ~30% with
increasing microcapsules (>10 wt%) in the composites. All other measured properties were not
significantly affected. Accordingly, we recommend a stronger composite material that could be
created by increasing the filler content distribution in order to achieve a hybrid self-healing composite
with enhanced mechanical properties.

Keywords: self healing; self sealing; microcapsules; resin composites; dental composites

1. Introduction

Dental composites are commonly used as the restorative material of choice in con-
temporary dentistry [1,2]. Composites can bond to the tooth structure via bonding agents
to repair destructed or decayed teeth with acceptable aesthetics, satisfactory mechanical
properties and ease of use [3]. Although substantial efforts have been made to improve
the clinical performance and properties of resin composites [4–7], composite restorations
have been shown to encounter two main downsides: secondary caries and bulk frac-
ture [8]. Survival rate for composites has been reported to be 91.7% at 5 years and 82.2% at
10 years [9–11]. In many cases, composite failure can be attributed to the accumulation of
microcracks, which are generated from masticatory forces and thermal stresses [12].

The introduction of self-healing composites and polymers involving microcapsule
systems has shown that providing long-life structural materials is possible [13]. Self-
healing composites can be understood as materials that have the capability to recover
when mechanical damage occurs [13,14]. The potential for crack repair and recovery of
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mechanical properties has been achieved in bulk thermosetting polymers [14–18], self-
healing fibre-reinforced composites [19–23], self-healing dental composites [24–27], self-
healing adhesives [28], self-healing bonding resins [29], elastomers [30,31] and coatings [32].
Self-healing dental composites are promising materials that could help to produce a stable
interface that resists secondary caries and reduces marginal gaps [33]. In addition, self-
healing microcapsule-based composites seem to have increased material durability by the
recovery of their mechanical properties in the case of cracking and fracturing. This is
achieved through the microcapsules rupturing and releasing polymerisable healing agents
that are able to seal a crack and stop it propagating [13,19,26].

An initiator is an essential component in the resin composite mixture. In order to facil-
itate chemical polymerisation with the healing agent involved in the microcapsules [25–27],
a benzoyl peroxide (BPO) catalyst and an N,N-dihydroxyethyl-p-toluidine (DHEPT) amine
have commonly been used to chemically cure composites [34]. Studies have reported the
use of poly(urea-formaldehyde) microcapsules, which encapsulate TEGDMA monomer
and DHEPT amine accelerator, as healing agents in self-healing dental composites [25–27].

The reinforcing phase consists of dispersed filler particles; it is known that increasing
the volume fraction of filler in composites, in general, increases the mechanical properties of
the material [35]. The use of silica nanoparticles as a filler in resinous materials has increased
in the last 10 years. With the addition of SiO2 fillers in composites, an enhancement of
properties has been achieved, i.e., an increase in strength, stiffness, toughness, modulus,
scratch resistance and fatigue performance [36]. The suggested optimum filler content
varies in the current literature and it is highly dependent on the function of the resinous
matrix system of choice [36]. However, the use of a higher percentage of SiO2 fillers
negatively affects the viscosity of the resin and limits its use in certain applications, in
addition to promoting the deterioration of the mechanical properties at higher filler volume
fractions [36].

In the present study, the focus was to formulate a self-healing dental composite (SHDC)
with TEGDMA-DHEPT microcapsules and silica dioxide (SiO2) filler nanoparticles. The
null hypotheses were as follows: (1) light transmittance and a degree of conversion that
was not affected by the addition of TEGDMA-DHEPT microcapsules in the composite;
(2) hardness, flexural strength and elastic modulus that was not affected with the addition
TEGDMA-DHEPT microcapsules in the composite.

2. Materials and Methods
2.1. Raw Materials

A model dental composite (SHDC) was formulated from bisphenol A glycidyl dimetha-
crylate (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA), phenyl bis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO) photo-initiator, benzoyl peroxide (BPO) chemi-
cal initiator (Sigma–Aldrich Company Ltd., Dorset, UK), silicon dioxide (SiO2) silanised
with KH220—Dimethoxydiphenylsilane coupling agent (MK nano, MK Impex Corp.,
Ontario, Canada).

Poly(urea-formaldehyde) microcapsules were formulated from triethylene glycol
dimethacrylate (TEGDMA) monomer and N,N-dihydroxyethyl-p-toluidine (DHEPT) amine
(Esschem Europe Ltd., Seaham, UK). All chemicals were analytical grade and used as
received with no further purification.

2.2. Preparation of Self-Healing Dental Composite (SHDC)

The organic phase consisted of Bis-GMA:TEGDMA mixed at a (1:1, w/w) ratio. BAPO
photo initiator was added at 1 wt% and self-healing initiator BPO was also added at 0.5 wt%
to the mixture. The inorganic phase consisted of SiO2 nanoparticles that were coated with
silane coupling agent and dispersed at 20 wt%, with an average particle size of 15 nm.
Microcapsules were dispersed gently into the experimental photo-activated composites
with low-speed mechanical mixing at the following percentages: 0, 2.5, 5, 7.5 and 10 wt%
(Table 1).
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Table 1. Microcapsules and SiO2 wt% in the self-healing dental composites.

Groups Microcapsules (wt%) SiO2 (wt%) Total Fillers (wt%)

MC0 (control) 0.0 20 20

MC2.5 2.5 20 22.5

MC5 5.0 20 25

MC7.5 7.5 20 27.5

MC10 10 20 30

The microcapsules were prepared by in-situ polymerisation of poly(urea-formaldehyde)
shells encapsulating TEGDMA monomer and 1 wt% DHEPT amine as healing agents. The
average microcapsule diameter was between 150 and 300 µm.

2.3. Light Transmittance Measurements

Five cylindrical specimens were prepared in each experimental composite group using
a PTFE disc mould (4 mm internal diameter, 2 mm height). The mould was placed on a
glass slab (2 mm thick) with Mylar strips (Moyco Union Broach, York, ME, USA) on the
bottom and top surfaces of the mould and pressed with another glass slab on the top to
remove excess resin. One increment was placed for each specimen during preparation.

The prepared SHDC composites were first placed and cured for 20 s in a MARCTM spec-
trophotometer resin calibrator (BlueLight Analytics Inc., Halifax, NS, Canada). The light
curing unit used was a 455 (±10) nm LED light (S10 Elipar, 3M ESPE, St Paul, MN, USA).
Prior to experimentation, the maximum light irradiance of the top sensor of the resin cali-
brator was recorded, and the mean irradiance over 20 s duration was reported. After curing,
specimens were demoulded and incubated for 24 h at 37 ◦C prior to hardness evaluation.

2.4. Hardness Measurements

A hardness instrument (FM-700, Future-Tech Corp., Kawasaki, Kanagawa, Japan) was
used to measure the top and bottom surfaces for the formulated composites. A Vickers
indenter was used with an applied load of 300 gf (2.94 N) for 15 s. Five indentations were
measured for top and bottom surfaces, with a distance of four times the diagonal length of
the indenter between each indentation (4D, around 200 nm). In order to have standardised
readings, indentations were made randomly in the matrix or microcapsules surfaces. The
mean of five readings for each specimen was recorded. In addition, the means and the
standard deviations of the five specimens in each group were calculated and recorded.

2.5. Degree of Conversion Measurements

A Fourier transfer-infrared spectrometer (FT-IR) was used to measure the unpoly-
merised carbon–carbon double bond (Avatar 360, Nicolete Analytical Instrument, Thermo
Electron Corp., Cambridge, UK). The spectra of five specimens in each group were recorded.
A mould (PTFE disc, 4 mm internal diameter, 0.5 mm height) was placed on top of the
diamond ATR crystal reader in the FT-IR, filled with resin composite paste, covered on the
top surface with a Mylar strip and pressed to remove the excess resin. It was then photo
cured for 40 s using a 455 (±10) nm LED light.

The DC was reported using the spectra of the composite immediately post-cure and
24 h after polymerisation. Specimens were stored in distilled water and incubated at
37 ◦C for 24 h. The means and standard deviations of the post-polymerisation spectra
were recorded.

The spectra of the composites were recorded over the range of 4000 to 400 cm−1, with
32 scans at a resolution of 4 cm−1. Software was used to record the peak intensity ratio of
aliphatic C=C at 1637 cm−1 against the internal reference immediately post-cure and 24 h
after polymerisation. Meanwhile, the aromatic C=C peak at 1608 cm−1 was selected as the
internal reference.
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The following equation was used to calculate the degree of conversion (Equation (1)):

DC peak % =

[
1 − Polymer(C = C/C = O)peak height a f ter curing

Monomer(C = C/C = O)peak height be f ore curing

]
× 100 (1)

Equation (1): degree of conversion from peaks on the FT-IR spectrum (C = Caliphatic

1637 cm−1, C = Caromatic 1608 cm−1).

2.6. Flexural Strength Measurements

The prepared SHDC composite paste was placed in a PTFE mould (2 mm × 2 mm × 25 mm)
on a glass slab (2 mm thick) separated with Mylar strips on the bottom and top surfaces of
the mould, then pressed with another glass slab on the top to remove the excess resin. Each
resin specimen was photo cured in five overlapping points for 20 s on each open side of
the mould using a 455 (±10) nm LED light. Upon light curing from one point to another
on the specimen, the curing tip was positioned on half the diameter of the cured area by
the earlier exposure to ensure optimal polymerisation of the entire specimen. After curing,
specimens were demoulded and sharp edges were smoothed with P800 grit SiC abrasive
paper. All specimens were stored in distilled water at 37 ◦C for 24 h prior to testing.

A computer-controlled universal testing machine (Zwick/Roell Z020, Ulm-Einsingen,
Germany) was used to measure the flexural strength of the specimens in a three-point
flexure bending test that used a span of 20 mm, a crosshead speed of 1 mm/min and a load
cell of 500 N. Prior to testing, five specimens in each group were removed from the storage
medium (distilled water). The thickness of each composite specimen was measured at the
centre and the two ends of the specimen using a digital caliper (Mitutoyo, Tokyo, Japan),
and the mean thickness was used for cross sectional area estimations.

The following equation was used to calculate the flexural strength (MPa) (Equation (2)):

S = 3Pmax L/
(

2bh2
)

(2)

Equation (2): S—flexural strength; Pmax—the load at failure; L—span; bh—specimen
width and thickness.

The elastic modulus was determined from the slope of the linear region of the load
deflection curve, and the following formula was used to calculate the elastic modulus (GPa)
(Equation (3)):

E = (P/d)
(

L3/
[
4bh3

])
(3)

Equation (3): E—elastic modulus; P—load; d—displacement of the slope in the linear
elastic region of the load displacement curve.

The fractured surfaces of selected composite specimens, which were prepared by
sputter coating with gold (7 nm), were examined by SEM (Zeiss EVO60, Oberkochen,
Germany), to investigate the fracture mechanism of the microcapsules in the resin composite
at the fracture plane.

2.7. Statistical Analysis

Collected data were statistically analysed using SPSS software (IBM SPSS Statistics 23.0,
SPSS Inc., Chicago, IL, USA). The Shapiro–Wilk test was implemented to confirm the nor-
mality of the data. Levene’s test also confirmed the equality of variance.

One-way analysis of variance (ANOVA) and independent sample t-tests were con-
ducted to detect any significant effects of variables for the study groups at a significance
level of (p ≤ 0.05). All data were plotted using Sigma Plot (SigmaPlot 13.0, Systat Software
Inc., San Jose, CA, USA).
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3. Results
3.1. Light Transmittance Measurements

The maximum light irradiance measurement of the light curing unit at the top sensor
of the resin calibrator was 2050 (±24) mW/cm2 over 20 s prior to experimentation. The
light transmittance through the SHDC did not show any statistical differences between
any of the groups (p > 0.05). The light transmittance through the 2 mm-thick specimens
was found in the control group’s MC0 composite at 698 (±26) mW/cm2, while the MC10
composite showed a lower value of 641 (±42) mW/cm2 (Figure 1).
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Figure 1. Maximum irradiance measurements of the SHDC groups. The transmittance through the
2 mm-thick resin was recorded at 698 (±26) mW/cm2 with the MC0 control group steadily decreased
to reach 641 (±42) mW/cm2 at the MC10 group (mean ± sd; n = 5). Diagram is reused from [37].

3.2. Degree of Conversion Measurements

The mean degree of conversion values immediately after curing the (DC0) of MC2.5
to MC10 microcapsules in the composite was around 67%, with no statistical differences
between test groups (p > 0.05). The DC0 value of 68% was shown in the MC5 group.
However, the control group, MC0, showed a value of 65% at DC0, which was statistically
different compared to MC2.5 and MC5 (p < 0.05). The mean degree of conversion 24 h
after polymerisation (DC24) was between 73 and 76%, with the highest score being for the
control group, MC0. The DC24 values showed no statistical differences between any of the
groups (p > 0.05).

Intragroup comparisons were also performed by independent sample t-tests between
DC0 and DC24. There were statistically significant differences in all composite groups
between the DC0 and DC24 measurements (p < 0.05) (Figure 2).

3.3. Hardness Measurements

Vickers hardness (VHN) measurements for the top and bottom surfaces were recorded
at 24 h after photo curing for the SHDC groups. The mean value for the top surface hardness
was in the control group MC0 at 26 (±2) VHN, while lower values were recorded for the
MC7.5 and MC10 groups—around 22 (±2) VHN. There were statistical differences between
MC10 and both MC0 and MC5 (p < 0.05); however, no significant differences were reported
for the rest of the groups (p > 0.05) (Figure 3).
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Figure 2. Degree of conversion (%) values of the SHDC, including DC0 and DC24 (mean ± sd;
n = 5). None of the DC values showed any statistical differences between the groups with different
microcapsule percentages (p > 0.05). Some differences could be noticed in DC0 between the control
group, MC0, and both MC2.5 and MC5 groups (p < 0.05). Differences in values between DC0 and
DC24 were shown in MC0, MC7.5 and MC10 (p < 0.05). Diagram is reused from [37].
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Figure 3. Vickers hardness (VHN) of the SHDC groups. Top and bottom surface values recorded as
(mean ± sd; n = 5). The bar chart shows higher scores in the top surface hardness measurements of
the SHDC, with an obvious decrease in the values with increasing microcapsules percentages in the
composite mixture. The top surface measurements show statistical differences in MC10 compared to
MC0 and MC5 (p < 0.05). The bottom surface measurements show statistical differences in MC0 and
MC2.5 compared to MC7.5 and MC10 (p < 0.05). Statistical differences in values between the top and
bottom surfaces were shown in MC5 and MC7.5 (p < 0.05). Diagram is reused from [37].

The hardness of the bottom surfaces showed similar results compared to the top
surfaces; mean values of 23 (±1) VHN were recorded for the MC0 and MC2.5 groups.
However, lower hardness values of 21 (±1) VHN were recorded on the bottom surfaces for
composites MC7.5 and MC10. Statistical differences in the hardness values of the bottom
surfaces were found in the MC0 and MC2.5 groups when compared to the MC7.5 and MC10
groups (p < 0.05); no difference was recorded for the rest of the groups (p > 0.05).

Intragroup comparisons between the top and bottom surface hardness values indicated
statistical differences in the MC5 and MC7.5 groups (p < 0.05); however, the rest of the groups
showed no statistically significant differences between the top and bottom surface values
(p > 0.05) (Figure 3).
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3.4. Flexural Strength Measurements

Flexural strength and elastic modulus measurements of the SHDC groups showed
values of 80 (±12) MPa and 1.95 GPa in the control group, MC0. Reduced values of
55 (±4) MPa and 1.81 GPa were found in the MC10 group. There were statistically signifi-
cant differences between the control group, MC0, and the MC5, MC7.5 and MC10 groups;
similar differences were also noticed in MC2.5 compared to MC7.5 and MC10 (p < 0.05). The
elastic modulus measurements of the SHDC groups showed no statistically significant
differences between the groups (p > 0.05) (Figure 4).
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Representative fractured surfaces of self-healing composites are illustrated in Figure 5;
the examined specimens contained 5 wt% microcapsules. The fractured surfaces showed
typical step-nail patterns in the same direction as the crack propagation (Figure 5A). Poly-
mer film formation at the microcracks in the composite can be seen in Figure 5B. The
cracked microcapsules released TEGDMA-DHEPT healing agent then polymerised. Size
variation of microcapsules can be shown in Supplementary Materials Figure S1.
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Figure 5. SEM images of the fractured composite surfaces in a composite model consisting of 5 wt%
microcapsules (Zeiss, EVO60, high vac, 5.00 kV, Mag (A) 200×, (B) 500×). (A)—a step nail structure
following the crack propagation direction is demonstrated (arrows), and a higher magnification is
presented in the inset A. (B)—the presence of released and polymerised films from the cracked and
ruptured microcapsules in the microcracks, as shown in the fractured self-healing composite surface.
Diagram is reused from [37].
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4. Discussion

In our previous work, TEGDMA-DHEPT microcapsules were successfully synthesised
via emulsion polymerisation to achieve poly(urea-formaldehyde) capsular shells [38,39].
Microcapsules were prepared by in-situ polymerization where EMA acted as a surfactant,
which helped to form an oil-in-water (O/W) emulsion (the oil being TEGDMA-DHEPT
liquid). Our findings from the SEM imaging showed that PUF nanoparticles existed on
the external surface of the capsular shells. PUF nanoparticles in the outer surface of
the microcapsules can facilitate the mechanical interlocking interface (micromechanical
retention) to the host resin polymer matrix upon photo activation (light curing) [26]. This
retention interface allows the microcapsules to break when subjected to cracking. However,
if the outer surface of the microcapsules had a smooth, non-porous morphology, the
interlocking interface would be missing and the crack could bypass the microcapsules
without breaking them, resulting in no healing liquid to fill the crack [26].

Regarding the biocompatibility of the self-healing system, which includes TEGDMA
monomer and DHEPT amine in the microcapsules and BPO catalyst within the resin
composite matrix, the materials were all approved by the Food and Drug Administration,
and are available in commercial resin-based dental composites. In addition, human gingival
fibroblast cytotoxicity tests in vitro have proven that TEGDMA-DHEPT microcapsules
exhibit a good biocompatibility, hence the incorporation of microcapsules in resin did
not drastically compromise the cell viability [26]. However, the possibility of leakage of
unreacted free formaldehyde from PUF shells should be investigated.

Self-healing dental composites (SHDCs) were formulated by incorporation of Bis-
GMA: TEGDMA (1:1), 20 wt% SiO2 nanoparticles (15 nm) and different percentages of
TEGDMA-DHEPT microcapsules (0, 2.5, 5, 7.5, 10 wt%) with an average diameter of
120 ± 45 µm (n: 100). The photo-activated resin composite had 1 wt% of type I photo
initiator phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO), which generated
free radicals by fragmentation of the photo-initiator molecule. This is unlike type II photo-
initiator systems, which need a co-initiator to donate electrons and protons in their excited
state to generate the radicals for polymerisation [40]. A 0.5 wt% BPO initiator was also
added to promote chemical or auto-polymerisation by free radical formation, which in
turn targeted the carbon double bond (C=C) leading to polymerisation [34]. The most
commonly used activator is tertiary aromatic amine N,N-bis(2-hydroxyethyl)-p-toluidine,
which reacts with the initiator BPO [34].

During photo polymerisation, light transmitted through a resin composite is absorbed
and scattered; this causes the light intensity to be attenuated and its efficiency drops as the
depth increases [41,42]. Many factors affect the depth of cure, such as light irradiance [43],
exposure time [44,45], materials composition [46], resin composite shades [47] and translu-
cency [48,49]. Light scattering is the most important limiting factor for the depth of cure
and it is maximised when the filler particle size is near to half of the wavelength emitted
by the light source [50]. Studies have shown that other factors can also influence the light
transmittance of resin-based composites, such as fillers and the polymeric matrix refractive
index, filler type and content and monomer type [51,52]. The light transmittance through the
SHDC in the present study showed no statistically significant differences between the groups
(p > 0.05). The differences in the maximum light transmittance measurements between the
experimental groups were mainly due to microcapsules’ particle sizes of ≥150 µm.

The preferred mode of cure in resin-based dental composites is photo polymerisa-
tion. Ideally, the photo-polymerisation of the restorative dental composite will convert
all monomers to polymers [53]; yet, most of dimethacrylate monomers showed a degree
of conversion (DC) ranging from 55 to 85% under conventional curing conditions [54–57]
and a further reduction in DC rate could be associated with depth [53]. The mechanical
properties of composites are directly influenced by the degree of conversion [58].

The degree of conversion of the SHDC in this study ranged from 65 to 68% immediately
after polymerisation (DC0). After 24 h at 37 ◦C in distilled water (DC24), scores higher
than DC0 were noted, ranging from 73 to 76%. The degree of conversion increased after
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24 h in conditions matching the intraoral temperatures and hydrophilic environment
of the oral cavity. A recent study reported that a higher degree of conversion could
be seen after 24 h [59]. The type and concentration of photo initiator can influence the
degree of conversion in the resin matrix. The high reactivity of the BAPO photo initiator
seems to improve the mechanism of free radical formation. As absorption of light energy
(BAPO*) takes place, the molecule undergoes α-cleavage in the excited triplet state of the
C–P bond; this may occur twice, which results in four free radicals being generated per
molecule [60]. In other words, the first free radical is less reactive than the second radical
by 2 to 6 times [61].

BAPO photo initiators, according to UV–VIS spectra, have a λmax value ranging from
365 to 440 nm. The λmax of BAPO was greater than 400 nm [62]. BAPO has proven advan-
tages, such as a white colour that helps light penetrate and increases the polymerisation
depth in the resin [63,64]. Although the most commonly used photo-initiator system in den-
tal resin composites is type II (e.g., camphorquinone, CQ), this requires an amine co-initiator
(e.g., DMAEMA) to generate free radical polymerisation [65]. This may compromise the
aesthetics of the dental restoration as the CQ molecule is yellow and the amine undergoes
yellowing over time [65–67]. The model self-healing composite requires the addition of a
BPO initiator in the resin matrix, which requires the use of an amine co-initiator with a CQ
photo initiator to prevent resin matrix polymerisation with BPO upon mixing [68].

Surface hardness of self-healing composites has not been widely explored in the
literature. The presented study reported Vickers hardness (VHN) for the SHDC, however,
the VHN scores were considered low (22–26 VHN) when compared to commercial dental
composites. The surface hardness of dental composites is affected by the volume fraction
of fillers rather than the filler particle hardness [69]. Composite hardness is also affected by
hydrolytic degradation and water sorption [70,71]. Material hardness is strongly associated
with compressive strength, degree of conversion and wear resistance [72,73]; low hardness
values may indicate a poor chemical/physical bonding in the matrix/filler interface [73].

The flexural strength and elastic modulus of SHDCs can provide insight into the effect
of microcapsules in dental composites on the mechanical properties of the material. Ac-
cording to ISO standard 4049:2009 of polymer based restorative materials, flexural strength
values shall be equal to or greater than 80–100 MPa. However, the flexural strength values
of the experimental SHDCs ranged from 55–80 MPa (MC10 to MC0 groups, respectively).
Flexural strength values significantly decreased with the addition of 7.5 to 10 wt% micro-
capsules into the composite. The elastic moduli of the SHDCs did not show significant
differences between the groups (1.95—1.81 GPa from MC0 to MC10). These findings were
in agreement with another study involving TEGDMA-DHEPT microcapsules in dental
composites, which concluded that at 15 wt% of microcapsules in the composite the flexural
strength dropped drastically, and at 20 wt% of microcapsules the value reached 30 MPa,
indicating deterioration of the mechanical properties [26]. The inclusion of microcapsules
into resin composites may have an adverse effect in the mechanical properties of the com-
posite. This is due to the size and strength of microcapsules’ shells, as they hold the healing
liquid. Thus, this property of the microcapsule is reduced and deteriorates the mechanical
properties of the composites.

The mechanical properties of fibre-reinforced composites (FRCs) differ considerably
from conventional and bulk particulate-filled composites (PFC), as they display superior
fracture toughness [74,75]. One approach aimed at improving the mechanical properties of
SHDCs is to use millimetre-scale, discontinuous fibre-reinforced composites (millimetre-
scale, discontinuous-FRCs). Fibre toughening mechanisms rely on their ability to deflect
crack propagation, to stretch, bridge and resist the opening and further spreading of the
crack. These properties induce a closure force onto the crack itself [76]. This action subse-
quently lowers the stress concentration at the tip of the crack, thus slowing or preventing
further progression. Further study is warranted to investigate the suitability of using
fibres in SHDCs.
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SEM of the fractured surfaces of the self-healing composite specimen indicated possible
polymer film formation into the microcracks at the fracture plane. This indicated that in
the presence of a BPO initiator in resin composites, and upon microcapsule rupture, the
healing agent is released. The amine accelerator, DHEPT, in the healing agent had the
ability to polymerise once it contacted the BPO, then monomer polymerisation sealed the
microcracks. The polymerisation capability of the healing agent (TEGDMA-DHEPT) and
BPO initiator was also consistent with FT-IR spectra results; a degree of conversion of 60.3%
was showed in our previous report.

The incorporation of microcapsules in resin composites can change the properties of the
host polymeric material; the goal was to obtain a self-healing capability without diminishing
the original mechanical properties of the material. The durability and reliability of the
restorative material could be compromised by weaker mechanical properties, including
flexural strength and fracture toughness [77–79]. Previous reports on the incorporation
of microcapsules in resin-based materials showed significant improvements in tensile
strength [80] and flexural strength in the polymer matrix [81]. Yet, other reports showed
a continuous reduction in the strength of the resin polymer with high percentages of
microcapsule involvement [82].

5. Conclusions

TEGDMA-DHEPT microcapsules were synthesised by in-situ polymerisation of an
O/W emulsion. The microcapsules had the ability to polymerise when they were ruptured
and triggered by a BPO catalyst in the host composite. The self-healing dental composite
(SHDC) incorporated Bis-GMA:TEGDMA (1:1), 1 wt% BAPO photo-initiator, 0.5 wt% BPO
catalyst, 20 wt% silica dioxide nanoparticles and different percentages of microcapsules.
The composite properties were not drastically affected in terms of light transmittance, de-
grees of conversion, hardness and elastic moduli. Microcapsule inclusion did not improve
the mechanical properties; rather, a reduction of ~65% in flexural strength measurements
showed at 10 wt% of microcapsules in the composite. A way to improve the properties of
SHDCs is to increase the filler content percentage with different filler size distributions in
order to have a hybrid composite incorporating nano-, micro- and macro-sized particles.
The current study suggested that improvements in mechanical properties of SHDCs are
required in order to meet the clinical requirements of a restorative material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb13010019/s1, Figure S1: Size variation of microcapsules.

Author Contributions: Conceptualization, K.A.A.; methodology, K.A.A.; software, K.A.A.; vali-
dation, K.A.A., N.S. and J.S.; formal analysis, K.A.A.; investigation, K.A.A. and A.A.; resources,
K.A.A. and A.A.; data curation, K.A.A.; writing—original draft preparation, K.A.A.; writing—review
and editing, K.A.A., N.S., J.S. and A.A.; visualization, K.A.A.; supervision, N.S., J.S.; project ad-
ministration, K.A.A., N.S and J.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lynch, C.D.; Frazier, K.B.; McConnell, R.J.; Blum, I.R.; Wilson, N.H.F. State-of-the-art techniques in operative dentistry: Contem-

porary teaching of posterior composites in UK and Irish dental schools. Br. Dent. J. 2010, 209, 129–136. [CrossRef]
2. Sunnegårdh-Grönberg, K.; van Dijken, J.W.; Funegård, U.; Lindberg, A.; Nilsson, M. Selection of dental materials and longevity

of replaced restorations in Public Dental Health clinics in northern Sweden. J. Dent. 2009, 37, 673–678. [CrossRef]
3. Ferracane, J.L. Resin composite—State of the art. Dent. Mater. 2011, 27, 29–38. [CrossRef]

https://www.mdpi.com/article/10.3390/jfb13010019/s1
https://www.mdpi.com/article/10.3390/jfb13010019/s1
http://doi.org/10.1038/sj.bdj.2010.674
http://doi.org/10.1016/j.jdent.2009.04.010
http://doi.org/10.1016/j.dental.2010.10.020


J. Funct. Biomater. 2022, 13, 19 11 of 13

4. Lim, B.-S.; Ferracane, J.; Sakaguchi, R.; Condon, J. Reduction of polymerization contraction stress for dental composites by
two-step light-activation. Dent. Mater. 2002, 18, 436–444. [CrossRef]

5. Lu, H.; Stansbury, J.W.; Bowman, C. Impact of curing protocol on conversion and shrinkage stress. J. Dent. Res. 2005, 84, 822–826.
[CrossRef]

6. Milward, P.J.; Adusei, G.O.; Lynch, C.D. Improving some selected properties of dental polyacid-modified composite resins.
Dent. Mater. 2011, 27, 997–1002. [CrossRef]

7. Xu, X.; Ling, L.; Wang, R.; Burgess, J.O. Formulation and characterization of a novel fluoride-releasing dental composite.
Dent. Mater. 2006, 22, 1014–1023. [CrossRef]

8. Demarco, F.F.; Corrêa, M.B.; Cenci, M.S.; Moraes, R.R.; Opdam, N.J.M. Longevity of posterior composite restorations: Not only a
matter of materials. Dent. Mater. 2012, 28, 87–101. [CrossRef]

9. Mjör, I.A.; Moorhead, J.E.; Dahl, J.E. Reasons for replacement of restorations in permanent teeth in general dental practice.
Int. Dent. J. 2000, 50, 361–366. [CrossRef]

10. Opdam, N.J.M.; Bronkhorst, E.M.; Roeters, J.M.; Loomans, B.A.C. A retrospective clinical study on longevity of posterior
composite and amalgam restorations. Dent. Mater. 2007, 23, 2–8. [CrossRef]

11. Sakaguchi, R.L. Review of the current status and challenges for dental posterior restorative composites: Clinical, chemistry, and
physical behavior considerations. Dent. Mater. 2005, 21, 3–6. [CrossRef] [PubMed]

12. Baran, G.; Boberick, K.; McCool, J. Fatigue of restorative materials. Crit. Rev. Oral Biol. Med. 2001, 12, 350–360. [CrossRef]
[PubMed]

13. White, S.R.; Sottos, N.R.; Geubelle, P.H.; Moore, J.S.; Kessler, M.R.; Sriram, S.R.; Brown, E.N.; Viswanathan, S. Autonomic healing
of polymer composites. Nature 2001, 409, 794–797. [CrossRef]

14. Brown, E.N.; Sottos, N.R.; White, S.R. Fracture testing of a self-healing polymer composite. Exp. Mech. 2002, 42, 372–379.
[CrossRef]

15. Caruso, M.M.; Delafuente, D.A.; Ho, V.; Sottos, N.R.; Moore, J.S.; White, S.R. Solvent-promoted self-healing epoxy materials.
Macromolecules 2007, 40, 8830–8832. [CrossRef]

16. Caruso, M.M.; Blaiszik, B.J.; White, S.R.; Sottos, N.R.; Moore, J.S. Full recovery of fracture toughness using a nontoxic solvent-based
self-healing system. Adv. Funct. Mater. 2008, 18, 1898–1904. [CrossRef]

17. Blaiszik, B.; Caruso, M.; McIlroy, D.; Moore, J.; White, S.; Sottos, N. Microcapsules filled with reactive solutions for self-healing
materials. Polymer 2009, 50, 990–997. [CrossRef]

18. Wilson, G.O.; Moore, J.S.; White, S.R.; Sottos, N.R.; Andersson, H.M. Autonomic healing of epoxy vinyl esters via ring opening
metathesis polymerization. Adv. Funct. Mater. 2008, 18, 44–52. [CrossRef]

19. Kessler, M.; Sottos, N.; White, S. Self-healing structural composite materials. Compos. Part A Appl. Sci. Manuf. 2003, 34, 743–753.
[CrossRef]

20. Kessler, M.; White, S. Self-activated healing of delamination damage in woven composites. Compos. Part A Appl. Sci. Manuf. 2001,
32, 683–699. [CrossRef]

21. Pang, J.W.; Bond, I.P. A hollow fibre reinforced polymer composite encompassing self-healing and enhanced damage visibility.
Compos. Sci. Technol. 2005, 65, 1791–1799. [CrossRef]

22. Pang, J.; Bond, I. ‘Bleeding composites’—damage detection and self-repair using a biomimetic approach. Compos. Part A Appl.
Sci. Manuf. 2005, 36, 183–188. [CrossRef]

23. Moll, J.L.; White, S.R.; Sottos, N.R. A self-sealing fiber-reinforced composite. J. Compos. Mater. 2010, 44, 2573–2585. [CrossRef]
24. Wertzberger, B.E.; Steere, J.T.; Pfeifer, R.M.; Nensel, M.A.; Latta, M.A.; Gross, S.M. Physical characterization of a self-healing

dental restorative material. J. Appl. Polym. Sci. 2010, 118, 428–434. [CrossRef]
25. Wu, J.; Weir, M.D.; Melo, M.; Xu, H.H. Development of novel self-healing and antibacterial dental composite containing calcium

phosphate nanoparticles. J. Dent. 2015, 43, 317–326. [CrossRef] [PubMed]
26. Wu, J.; Weir, M.D.; Zhang, Q.; Zhou, C.; Melo, M.A.S.; Xu, H.H. Novel self-healing dental resin with microcapsules of polymeriz-

able triethylene glycol dimethacrylate and N, N-dihydroxyethyl-p-toluidine. Dent. Mater. 2016, 32, 294–304. [CrossRef]
27. Wu, J.; Weir, M.D.; Melo, M.; Strassler, H.E.; Xu, H.H. Effects of water-aging on self-healing dental composite containing

microcapsules. J. Dent. 2016, 47, 86–93. [CrossRef]
28. Miller, G.M.; Kamphaus, J.M.; Sottos, N. Self-Healing Adhesive Film for Composite Laminate Repairs on Metallic Structures.

Master’s Thesis, Department of Aerospace Engineering, University of Illinois at Urbana-Champaign, Champaign, IL, USA, 2007.
29. Ouyang, X.; Huang, X.; Pan, Q.; Zuo, C.; Huang, C.; Yang, X.; Zhao, Y. Synthesis and characterization of triethylene glycol

dimethacrylate nanocapsules used in a self-healing bonding resin. J. Dent. 2011, 39, 825–833. [CrossRef]
30. Keller, M.; White, S.; Sottos, N. Torsion fatigue response of self-healing poly (dimethylsiloxane) elastomers. Polymer 2008, 49,

3136–3145. [CrossRef]
31. Keller, M.W.; White, S.R.; Sottos, N.R. A Self-Healing Poly (Dimethyl Siloxane) Elastomer. Adv. Funct. Mater. 2007, 17, 2399–2404.

[CrossRef]
32. Cho, S.H.; Andersson, H.M.; White, S.R.; Sottos, N.R.; Braun, P.V. Polydimethylsiloxane-Based Self-Healing Materials. Adv. Mater.

2006, 18, 997–1000. [CrossRef]
33. Lööf, J.; Svahn, F.; Jarmar, T.; Engqvist, H.; Pameijer, C.H. A comparative study of the bioactivity of three materials for dental

applications. Dent. Mater. 2008, 24, 653–659. [CrossRef]

http://doi.org/10.1016/S0109-5641(01)00066-5
http://doi.org/10.1177/154405910508400908
http://doi.org/10.1016/j.dental.2011.06.006
http://doi.org/10.1016/j.dental.2005.11.027
http://doi.org/10.1016/j.dental.2011.09.003
http://doi.org/10.1111/j.1875-595X.2000.tb00569.x
http://doi.org/10.1016/j.dental.2005.11.036
http://doi.org/10.1016/j.dental.2004.10.008
http://www.ncbi.nlm.nih.gov/pubmed/15680996
http://doi.org/10.1177/10454411010120040501
http://www.ncbi.nlm.nih.gov/pubmed/11603506
http://doi.org/10.1038/35057232
http://doi.org/10.1007/BF02412141
http://doi.org/10.1021/ma701992z
http://doi.org/10.1002/adfm.200800300
http://doi.org/10.1016/j.polymer.2008.12.040
http://doi.org/10.1002/adfm.200700419
http://doi.org/10.1016/S1359-835X(03)00138-6
http://doi.org/10.1016/S1359-835X(00)00149-4
http://doi.org/10.1016/j.compscitech.2005.03.008
http://doi.org/10.1016/S1359-835X(04)00166-6
http://doi.org/10.1177/0021998309356605
http://doi.org/10.1002/app.31542
http://doi.org/10.1016/j.jdent.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25625674
http://doi.org/10.1016/j.dental.2015.11.014
http://doi.org/10.1016/j.jdent.2016.01.008
http://doi.org/10.1016/j.jdent.2011.09.001
http://doi.org/10.1016/j.polymer.2008.04.041
http://doi.org/10.1002/adfm.200700086
http://doi.org/10.1002/adma.200501814
http://doi.org/10.1016/j.dental.2007.06.028


J. Funct. Biomater. 2022, 13, 19 12 of 13

34. Brauer, G.M. Initiator-Accelerator Systems for Acrylic Resins and Composites. In Biomedical and Dental Applications of Polymers;
Gebelein, C.G., Koblitz, F.F., Eds.; Springer: Boston, MA, USA, 1981; pp. 395–409.

35. Peutzfeldt, A. Resin composites in dentistry: The monomer systems. Eur. J. Oral Sci. 1997, 105, 97–116. [CrossRef]
36. Sprenger, S. Epoxy resin composites with surface-modified silicon dioxide nanoparticles: A review. J. Appl. Polym. Sci. 2013, 130,

1421–1428. [CrossRef]
37. Althaqafi, K.A. Effects of Self-Healing Microcapsules on Dental Resin Composites. Doctoral Dissertation, The University of

Manchester, Manchester, UK, 2020.
38. Asua, J.M. Miniemulsion polymerization. Prog. Polym. Sci. 2002, 27, 1283–1346. [CrossRef]
39. Brown, E.; Kessler, M.; Sottos, N.R.; White, S. In situ poly (urea-formaldehyde) microencapsulation of dicyclopentadiene.

J. Microencapsul. 2003, 20, 719–730. [CrossRef]
40. Allen, N.S. Photoinitiators for UV and visible curing of coatings: Mechanisms and properties. J. Photochem. Photobiol. A Chem.

1996, 100, 101–107. [CrossRef]
41. Vargas, M.; Cobb, D.; Schmit, J. Of Composite Resins: Polymerization Argon Laser vs. Conventional Light. Oper. Dent. 1998, 23,

87–93.
42. Watts, D. Characteristics of visible light-activated composite systems. Br. Dent. J. 1984, 156, 209–215. [CrossRef]
43. Rueggeberg, F.A.; Ergle, J.W.; Mettenburg, D.J. Polymerization Depths of Contemporary Light-Curing Units Using Microhardness.

J. Esthet. Restor. Dent. 2000, 12, 340–349. [CrossRef]
44. Halvorson, R.H.; Erickson, R.L.; Davidson, C.L. Energy dependent polymerization of resin-based composite. Dent. Mater. 2002,

18, 463–469. [CrossRef]
45. Koran, P.; Kürschner, R. Effects of sequential versus continuous irradiation of a light-cured resin composite on shrinkage, viscosity,

adhesion, and degree of polymerization. J. Esthet. Restor. Dent. 2001, 13, 140–141. [CrossRef]
46. Atmadja, G.; Bryant, R.W. Some factors influencing the depth of cure of visible light-activated composite resins. Aust. Dent. J.

1990, 35, 213–218. [CrossRef]
47. Tanoue, N.; Koishi, Y.; Matsumura, H.; Atsuta, M. Curing depth of different shades of a photo-activated prosthetic composite

material. J. Oral Rehabil. 2001, 28, 618–623. [CrossRef]
48. Ferracane, J.; Aday, P.; Matsumoto, H.; Marker, V. Relationship between shade and depth of cure for light-activated dental

composite resins. Dent. Mater. 1986, 2, 80–84. [CrossRef]
49. Leloup, G.; Holvoet, P.E.; Bebelman, S.; Devaux, J. Raman scattering determination of the depth of cure of light-activated

composites: Influence of different clinically relevant parameters. J. Oral Rehabil. 2002, 29, 510–515. [CrossRef]
50. Ruyter, I.E.; Øysæd, H. Conversion in different depths of ultraviolet and visible light activated composite materials.

Acta Odontol. Scand. 1982, 40, 179–192. [CrossRef]
51. Masotti, A.S.; Onófrio, A.B.; Conceição, E.N.; Spohr, A.M. UV–vis spectrophotometric direct transmittance analysis of composite

resins. Dent. Mater. 2007, 23, 724–730. [CrossRef]
52. Emami, N.; Sjödahl, M.; Söderholm, K.-J.M. How filler properties, filler fraction, sample thickness and light source affect light

attenuation in particulate filled resin composites. Dent. Mater. 2005, 21, 721–730. [CrossRef]
53. Silikas, N.; Eliades, G.; Watts, D.C. Light intensity effects on resin-composite degree of conversion and shrinkage strain.

Dent. Mater. 2000, 16, 292–296. [CrossRef]
54. Ferracane, J.; Greener, E. Fourier transform infrared analysis of degree of polymerization in unfilled resins—methods comparison.

J. Dent. Res. 1984, 63, 1093–1095. [CrossRef] [PubMed]
55. Ferracane, J.L.; Greener, E.H. The effect of resin formulation on the degree of conversion and mechanical properties of dental

restorative resins. J. Biomed. Mater. Res. 1986, 20, 121–131. [CrossRef] [PubMed]
56. Ruyter, I.; Oysaed, H. Analysis and characterization of dental polymers. CRC Crit. Rev. Biocompat. 1988, 4, 247–279.
57. Lima, A.F.; Salvador, M.V.O.; Dressano, D.; Saraceni, C.H.C.; Gonçalves, L.S.; Hadis, M.; Palin, W.M. Increased rates of

photopolymerisation by ternary type II photoinitiator systems in dental resins. J. Mech. Behav. Biomed. Mater. 2019, 98, 71–78.
[CrossRef]

58. Ferracane, J.L. Correlation between hardness and degree of conversion during the setting reaction of unfilled dental restorative
resins. Dent. Mater. 1985, 1, 11–14. [CrossRef]

59. AlShaafi, M.M. Effects of different temperatures and storage time on the degree of conversion and microhardness of resin-based
composites. J. Contemp. Dent. Pract. 2016, 17, 217–223. [CrossRef]

60. Meereis, C.; Leal, F.B.; Lima, G.D.S.; de Carvalho, R.V.; Piva, E.; Ogliari, F.A. BAPO as an alternative photoinitiator for the radical
polymerization of dental resins. Dent. Mater. 2014, 30, 945–953. [CrossRef]

61. Jockusch, S.; Koptyug, I.V.; McGarry, P.F.; Sluggett, G.W.; Turro, N.J.; Watkins, D.M. A steady-state and picosecond pump-probe
investigation of the photophysics of an acyl and a bis (acyl) phosphine oxide. J. Am. Chem. Soc. 1997, 119, 11495–11501. [CrossRef]

62. Ikemura, K.; Endo, T. A review of the development of radical photopolymerization initiators used for designing light-curing
dental adhesives and resin composites. Dent. Mater. J. 2010, 29, 481–501. [CrossRef]

63. Decker, C.; Zahouily, K.; Decker, D.; Nguyen, T.; Viet, T. Performance analysis of acylphosphine oxides in photoinitiated
polymerization. Polymer 2001, 42, 7551–7560. [CrossRef]

64. Ikemura, K.; Ichizawa, K.; Yoshida, M.; Ito, S.; Endo, T. UV-VIS spectra and photoinitiation behaviors of acylphosphine oxide and
bisacylphosphine oxide derivatives in unfilled, light-cured dental resins. Dent. Mater. J. 2008, 27, 765–774. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1600-0722.1997.tb00188.x
http://doi.org/10.1002/app.39208
http://doi.org/10.1016/S0079-6700(02)00010-2
http://doi.org/10.3109/02652040309178083
http://doi.org/10.1016/S1010-6030(96)04426-7
http://doi.org/10.1038/sj.bdj.4805312
http://doi.org/10.1111/j.1708-8240.2000.tb00243.x
http://doi.org/10.1016/S0109-5641(01)00069-0
http://doi.org/10.1111/j.1708-8240.2001.tb00437.x
http://doi.org/10.1111/j.1834-7819.1990.tb05394.x
http://doi.org/10.1046/j.1365-2842.2001.00697.x
http://doi.org/10.1016/S0109-5641(86)80057-4
http://doi.org/10.1046/j.1365-2842.2002.00889.x
http://doi.org/10.3109/00016358209012726
http://doi.org/10.1016/j.dental.2006.06.020
http://doi.org/10.1016/j.dental.2005.01.002
http://doi.org/10.1016/S0109-5641(00)00020-8
http://doi.org/10.1177/00220345840630081901
http://www.ncbi.nlm.nih.gov/pubmed/6235253
http://doi.org/10.1002/jbm.820200111
http://www.ncbi.nlm.nih.gov/pubmed/3949822
http://doi.org/10.1016/j.jmbbm.2019.06.005
http://doi.org/10.1016/S0109-5641(85)80058-0
http://doi.org/10.5005/jp-journals-10024-1830
http://doi.org/10.1016/j.dental.2014.05.020
http://doi.org/10.1021/ja971630c
http://doi.org/10.4012/dmj.2009-137
http://doi.org/10.1016/S0032-3861(01)00221-X
http://doi.org/10.4012/dmj.27.765
http://www.ncbi.nlm.nih.gov/pubmed/19241683


J. Funct. Biomater. 2022, 13, 19 13 of 13

65. Tay, F.R.; King, N.M.; Suh, B.I.; Pashley, D.H. Effect of delayed activation of light-cured resin composites on bonding of all-in-one
adhesives. J. Adhes. Dent. 2001, 3, 207–225. [PubMed]

66. Neumann, M.G.; Schmitt, C.; Ferreira, G.C.; Corrêa, I.C. The initiating radical yields and the efficiency of polymerization for
various dental photoinitiators excited by different light curing units. Dent. Mater. 2006, 22, 576–584. [CrossRef]

67. Rueggeberg, F.A.; Ergle, J.W.; Lockwood, P.E. Effect of photoinitiator level on properties of a light-cured and post-cure heated
model resin system. Dent. Mater. 1997, 13, 360–364. [CrossRef]

68. Ning, K.; Loomans, B.; Yeung, C.; Li, J.; Yang, F.; Leeuwenburgh, S. Influence of microcapsule parameters and initiator
concentration on the self-healing capacity of resin-based dental composites. Dent. Mater. 2021, 37, 403–412. [CrossRef]

69. Powers, J.M.; Wataha, J.C. Dental Materials-E-Book: Properties and Manipulation; Elsevier Health Sciences: London, UK, 2014.
70. Chadwick, R.; McCabe, J.; Walls, A.; Storer, R. The effect of storage media upon the surface microhardness and abrasion resistance

of three composites. Dent. Mater. 1990, 6, 123–128. [CrossRef]
71. Alshabib, A.; Algamaiah, H.; Silikas, N.; Watts, D.C. Material behavior of resin composites with and without fibers after extended

water storage. Dent. Mater. J. 2021, 40, 557–565. [CrossRef]
72. Moraes, R.; Marimon, J.L.M.; Schneider, L.F.J.; Sinhoreti, M.A.C.; Correr-Sobrinho, L.; Bueno, M. Effects of 6 months of aging in

water on hardness and surface roughness of two microhybrid dental composites. J. Prosthodont. 2008, 17, 323–326. [CrossRef]
73. Wilson, K.S.; Antonucci, J.M. Interphase structure–property relationships in thermoset dimethacrylate nanocomposites.

Dent. Mater. 2006, 22, 995–1001. [CrossRef]
74. Alshabib, A.; Silikas, N.; Watts, D.C. Hardness and fracture toughness of resin-composite materials with and without fibers.

Dent. Mater. 2019, 35, 1194–1203. [CrossRef]
75. Lassila, L.; Säilynoja, E.; Prinssi, R.; Vallittu, P.; Garoushi, S. Characterization of a new fiber-reinforced flowable composite.

Odontology 2019, 107, 342–352. [CrossRef] [PubMed]
76. Kim, S.-H.; Watts, D.C. Effect of Glass-Fiber Reinforcement and Water Storage on Fracture Toughness (K IC) of Polymer-Based

Provisional Crown and FPD Materials. Int. J. Prosthodont. 2004, 17, 318–322. [PubMed]
77. Takahashi, A.; Sato, Y.; Uno, S.; Pereira, P.; Sano, H. Effects of mechanical properties of adhesive resins on bond strength to dentin.

Dent. Mater. 2002, 18, 263–268. [CrossRef]
78. Carrilho, M.R.D.O.; Tay, F.R.; Pashley, D.H.; Tjäderhane, L.; Carvalho, R.M. Mechanical stability of resin–dentin bond components.

Dent. Mater. 2005, 21, 232–241. [CrossRef]
79. Brosh, T.; Ganor, Y.; Belov, I.; Pilo, R. Analysis of strength properties of light-cured resin composites. Dent. Mater. 1999, 15,

174–179. [CrossRef]
80. Li, Q.; Siddaramaiah; Kim, N.H.; Hui, D.; Lee, J.H. Effects of dual component microcapsules of resin and curing agent on the

self-healing efficiency of epoxy. Compos. Part B Eng. 2013, 55, 79–85. [CrossRef]
81. Yuan, L.; Huang, S.; Gu, A.; Liang, G.; Chen, F.; Hu, Y.; Nutt, S. A cyanate ester/microcapsule system with low cure temperature

and self-healing capacity. Compos. Sci. Technol. 2013, 87, 111–117. [CrossRef]
82. Brown, E.N.; White, S.R.; Sottos, N.R. Microcapsule induced toughening in a self-healing polymer composite. J. Mater. Sci. 2004,

39, 1703–1710. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11803709
http://doi.org/10.1016/j.dental.2005.06.006
http://doi.org/10.1016/S0109-5641(97)80107-8
http://doi.org/10.1016/j.dental.2020.11.025
http://doi.org/10.1016/S0109-5641(05)80042-9
http://doi.org/10.4012/dmj.2020-028
http://doi.org/10.1111/j.1532-849X.2007.00295.x
http://doi.org/10.1016/j.dental.2005.11.022
http://doi.org/10.1016/j.dental.2019.05.017
http://doi.org/10.1007/s10266-018-0405-y
http://www.ncbi.nlm.nih.gov/pubmed/30617664
http://www.ncbi.nlm.nih.gov/pubmed/15237879
http://doi.org/10.1016/S0109-5641(01)00046-X
http://doi.org/10.1016/j.dental.2004.06.001
http://doi.org/10.1016/S0109-5641(99)00029-9
http://doi.org/10.1016/j.compositesb.2013.06.006
http://doi.org/10.1016/j.compscitech.2013.08.005
http://doi.org/10.1023/B:JMSC.0000016173.73733.dc

	Introduction 
	Materials and Methods 
	Raw Materials 
	Preparation of Self-Healing Dental Composite (SHDC) 
	Light Transmittance Measurements 
	Hardness Measurements 
	Degree of Conversion Measurements 
	Flexural Strength Measurements 
	Statistical Analysis 

	Results 
	Light Transmittance Measurements 
	Degree of Conversion Measurements 
	Hardness Measurements 
	Flexural Strength Measurements 

	Discussion 
	Conclusions 
	References

