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Abstract

The use of liquid rubber as a component of light-cured
dental composites is one of the methods of increasing their
fracture toughness. It also reduces polymerization shrinkage
and offers the potential to lower water sorption. The aim of
the study was to evaluate the miscibility of liquid rubber in
composite matrix resins as well as changes in the wettability
and surface free energy (SFE) values of commercial light-
curing composites after their modification with liquid rubber.
The research materials were Flow Art and Boston (Arkona)
light-cured composites and resin mixtures used in their pro-
duction. Liquid rubber Hypro 2000X168LC VTB (Huntsman
Int.) was used as a modifier. The solubility of liquid rubber
was assessed under light microscopy. The contact angle and
SFE measurements were made on a DSA30 goniometer
(Kruss) using water and diiodomethane. It was found that
the liquid rubber solubility depended mainly on the viscosity
of the resin, which was related to the amount of BisGMA.
The resulting mixture showed good temporal stability with-
out larger domains. The curing process released the liquid
rubber as a separate phase formed as spherical domains.
The morphology of these domains was homogeneous and
their size did not exceed 50 um in diameter. The presence
of liquid rubber in modified composites increased their
hydrophobicity and reduced the surface free energy value.
The obtained properties might help to reduce the formation
of bacterial biofilm on dental fillings.
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Introduction

Light-cured polymer-ceramic composites used in den-
tistry are among the most commonly used biomaterials in
the human body. Currently, dental composites account for
about 70% of all dental fillings [1]. These materials, made
of a polymer matrix reinforced with organic or inorganic
mineral or mixed particles of various sizes and shapes, are
characterized by good mechanical properties and Young’s
modulus close to the value of tooth tissue [2]. Since the
invention of the BisGMA monomer by Rafael Bowen in
1962, they have become the main direction of development
in conservative dentistry, gradually replacing amalgams,
silicon cement, and noble metal fillings [3]. The widespread
use of composites based on light-curing resins is primarily
implied by their good wear resistance, which determines
their durability, moreover, the ease of forming and applica-
tion, or the natural color-matched to the teeth [1].

The properties of dental composites result from their
composition. Their matrix is a mixture of methacrylate res-
ins, most often BisGMA, BisEMA, TEGDMA, and UDMA.
The size of the reinforcement particle has been reduced
over the years until it reached nanometric dimensions to
achieve better properties [4]. Apart from changes in the
amount and shape of particles and their surface treatment,
alterations were also made in the structure or chemistry of
the monomer used and the dynamics of the polymerization
reaction [5]. Despite many years of development, light-
cured dental composites are still not free of disadvantages.
Their durability is limited under in vivo conditions, which
results in a relatively short period of replacement of the filling
and causes additional loss of tooth tissue. Despite the im-
provements, several clinically negative effects of using light-
cured composite fillings are still observed, e.g., marginal
leakage [6], discolorations [7], cusp fractures [8], unbond-
ing, lack of marginal integrity [9], secondary caries [10,11],
postoperative sensitivity or pain [12]. These effects are
often associated with polymerization shrinkage stress [9],
although there is little clinical evidence to support a clear
relationship between these effects [13]. As a result, the
above-mentioned disadvantages cause the unwavering
interest of the scientific community for medical, technical,
and economic reasons.

Research is constantly underway to improve the proper-
ties of composites. There are many methods of boosting
their mechanical properties, including the use of spherical-
shaped reinforcement particles [14], whiskers [15], or glass
fibers [16]. Along with the increasing proportion of the
ceramic reinforcing phase, a decrease in polymerization
shrinkage and an increase in the hardness and strength
of these composites were observed, however, most often
at the expense of fracture toughness [17]. Reduction of
polymerization shrinkage can be achieved, among others,
by controlling the proportions of the matrix components
[18] and its modification with liquid rubber [19]. The po-
tential increase in the fracture toughness of composites
is also possible due to the modification of matrix resins
by introducing liquid rubber [20-23]. These modifiers may
be, for example, low molecular weight butadiene [24] and
butadiene-styrene rubbers [22]. Recent work has also shown
an increase in the strength of resins for dental applications
due to the use of polybutadiene/bisphenol A copolymers [22].
Poly(butadiene-acrylonitrile-acrylic acid) terpolymer with
methacrylate functional groups with good solubility in Bis-
GMA resin caused a 25% increase in fracture toughness
and an increase in hydrolytic resistance [21]. This solution
uses a copolymer made with the use of acrylic acid, which
is, unfortunately, a toxic component also showing a carci-
nogenic effect [25].
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The presence of liquid rubber in the matrix of dental

® e @ @ @ o ® composites, in addition to potentially reducing shrinkage

and improving mechanical properties, may also have a
positive effect on the hydrophobic and biological properties.
Work [26] on bone cement with a modified poly(ethyl meth-
acrylate) matrix with n-butyl(PEMA-nBMA) reinforced with
hydroxyapatite showed a reduction in water sorption. In ad-
dition, such a modification of the cement matrix reduced the
value of the modulus of elasticity and increased its plasticity,
which favors the reduction of contact stresses and limits
cracking. The hydrophobicity of dental composites enhances
protection against hydrolytic degradation [27], bacterial film
formation [28], and the resulting biodegradation [29].

This study aims to evaluate the miscibility of liquid rubber
in composite matrix resins as well as changes in wettability
and the value of surface free energy (SFE) of commercial
light-curing composites after their modification with liquid
rubber.

Materials and Methods

The variety of dental work requires the use of materials
of different viscosities. Therefore, two groups of dental com-
posites were tested: flow type and condensable composites.
Commercial light-cured composites Flow-Art (flow type)
and Boston (condensable) produced by Arkona Laboratory
of Dental Pharmacology in Nasutéw were used as control
materials. Flow-Art is a micro-hybrid composite consisting of
a dimethacrylate organic matrix (BisGMA, UDMA, TEGDMA,
EBADMA), reinforced with inorganic particles in the amount
of approx. 60% by weight. (barium-aluminum-silicon glass,
pyrogenic silica) and additional substances (photoinitia-
tor, co-initiator, inhibitor, stabilizers, pigments). Boston is
a micro-hybrid light-cured composite. Its matrix is the same
mixture of resins as in the case of Flow-Art but with different
proportions of components, thanks to which this resin has
a lower viscosity, and therefore it is optimized for mixing with
a higher amount of reinforcement. The reinforcement of the
Boston composite consists of 78 wt% barium-aluminum-
silica glass and pyrogenic silica. The composition of the
above-mentioned commercial composites is proprietary by
the manufacturer and, for confidentiality reasons, it is not
presented in detail here.

All composites were made by Arkona based on Polish
patent no. 238167.

The research material consisted of analogous composites
(flow and condensable type), in which the matrix resin was
modified with liquid rubber in an amount of 5% by weight to
the resin. Synthetic nitrile-free polybutadiene rubber Hypro
2000X168LC VTB (CAS 68649-04-7; Huntsman Interna-
tional LLC, USA) was used [30]. The liquid rubber was
characterized by a relatively light color (4 on the Gardner
scale), which did not affect the shade of the final product.
The following samples marks were used:

* F — Flow Art composite,

* FM — Flow Art composite modified with liquid rubber,
* B - Boston composite

* BM - Boston composite modified with liquid rubber

For the miscibility tests, resin blends used in commercial
Flow-Art and Boston materials containing a package of ad-
ditional ingredients (initiator, stabilizer, inhibitor) were used.
The following resin designations were used:

* resin F - the resin used in the Flow-Art composite, and
* resin B - used in the Boston composite.

The viscosities of these resins, determined at 23°C, were
12 Pa-s for resin F and 7 Pa-s for resin B. The portions of
the resins were mechanically mixed with the rubber in prede-
termined weight proportions in a darkened room, preventing
the material from curing. Evaluation of the miscibility and
stability of the mixture was performed with a light micro-
scope (Eclipse MA200, Nikon, Japan). Undissolved liquid
rubber formed a separate phase in the liquid resin mixture.
The samples were placed on a microscopic glass slide with
spacers at the edges to ensure a resin layer thickness of
20 ym. Having covered the slide with the applied sample
with a coverslip, the desired thickness of the specimen was
obtained. Observations were made in the yellow-transmitted
light. The first images were taken immediately after mixing
the resin with the rubber, while the next images after 1 and
24 h, securing the material against curing. The final images
were taken after curing with a LED lamp with an intensity of
1400 mW/cm? for 20 s (Cromalux LED 1200, Mega-PHYSIK
GmbH & Co., Germany). After curing, the presence of the
second phase was also observed.

The composite samples for the contact angle © and sur-
face free energy (SFE) ys measurements were prepared as
discs of 15 mm in diameter and 1 mm in height according
to the ISO 4049 standard. The measurements mentioned
above were carried out using the sessile drop technique
on a DSA30 goniometer (Kruss, Germany) using type |
ultrapure water (obtained from Milli-Q® system, Merck Mil-
lipore) and diiodomethane (Sigma Aldrich Chemicals) as
polar and non-polar liquid, respectively. The liquid droplets
were dosed at 2 uL. The samples were tested 24 h after
polymerization (dry stored) as well as after 24 h incubation
in distilled water as simulations of the oral environment to
evaluate changes in surface properties under the influence
of the aqueous environment. Surface free energy and its
components, polar ys” and dispersion ys°, were determined
based on the Owens-Wendt method [31]. For each type of
the material, four samples were prepared and at least five
measurements were taken (N > 20).

The results were assessed for statistically significant
differences between the mean values using the Student’s
t-test for independent samples, with the Statistica software
(TIBCO Software Inc.) at the significance level a <0.05.

Results and Discussions

The microscopic observation of the resins without modi-
fication showed their complete homogeneity, with no inclu-
sions or foreign phases present. The curing process did not
change the morphology of these resins either.

The effects of mixing resins with liquid rubber and their
time stability are shown in FIG. 1. The components formed
a homogeneous system immediately after mixing. Over
time, spherical domains of rubber with diameters ranging
from less than 1 ym to approx. 10 um were released from
the system. For resin B (with lower viscosity), rubber dis-
solution was initially observed, followed by the release of
domains. Additional studies revealed that the solubility limit
of liquid rubber in this resin was about 4%. After the liquid
rubber was mixed with resin F, which was characterized by
a higher viscosity, the domains of a slightly larger size than
those released in resin B were observed. After 24 h in resin F,
the formation of larger domains was observed by joining
the smaller precipitates. In both resins, the morphology of
the liquid rubber showed a homogeneous distribution over
the entire volume.
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immediately after mixing after 1 hour

resin F

resin B

after 24 hours

after curing

FIG. 1. Solubility and morphology of liquid rubber domains in the tested resins (scale bars 100 ym).

before curing after curing

FM

FIG. 2. Microstructures of F and FM composites
before and after curing.

before curing after curing

BM

FIG. 3. Microstructures of B and BM composites
before and after curing.

The mixture of liquid rubber in the resins, especially those
with higher viscosity, did not show satisfactory stability as
the domains of large size were formed. It was observed
in two-component systems (resin - liquid rubber), while in
multicomponent systems (resin - liquid rubber - ceramic
particles) higher stability was noted, as a result of higher
size reduction of the domains due to mixing and blocking
their movement in the presence of particles.

The microstructure of flow-type composites before and
after polymerization is shown in FIG. 2. In the case of
a composite without modification, fine reinforcement par-
ticles were visible, including translucent ceramic particles
visible due to illumination. The material microstructure was
homogeneous, the reinforcement was evenly distributed
without clusters or agglomerates. Polymerization did not
change the appearance of the microstructure. The com-
posites after modification with liquid rubber also showed
homogeneous structure without the clusters of reinforcement
particles. However, after the modification, the composite
microstructure changed, i.e. a large number of round (prob-
ably spherical) domains (marked with arrows in the figure)
with a diameter of approx. 1-2 um appeared.

The reinforcement particles located inside the domains
were also observed as a result of good wetting and com-
patibility of liquid rubber with silica reinforcement [30]. The
curing process caused the formation of “shells” resulting
from a change in optical properties, as well as possible de-
formation of the rubber due to the polymerization shrinkage
of the resin. Comparing the domains before and after curing,
it could be stated that there were no noticeable differences in
their sizes, yet their optical properties changed - after curing
they were much darker. In some areas, the domains were
not visible before curing. However, after curing, round rubber
domains were revealed due to the release of the second
phase or the domains being pushed out of the deeper lay-
ers of the composite, in consequence of viscosity changes
during curing or polymerization shrinkage.

The microstructure of the condensable composite B (FIG. 3)
showed high uniformity of ceramic phase dispersion; there
were no clusters and agglomerates. Larger particles as
brighter spots were visible. The curing process, similarly to
the case of composite F, did not significantly change the ap-
pearance of the microstructure. In composite B, there were
also visible “shells” formed around the reinforcement parti-
cles, caused by changes in the optical properties of the resin
due to the generated stresses and polymerization shrinkage,
and changes in the resin viscosity during polymerization.

11

ATERIALS

M

el

G

0 00000 0000000000000 0000000000000000000 000 "=

Ll



12

Images of liquid drops on the surface of tested materials,

® @ @ o o ® o hich were the basis for the measurement of the contact

angle and SFE, are shown in FIG. 4, and after the 24 h
incubation in water, in FIG. 5.

The results of the contact angle measurements together
with the value of the surface free energy and its components:
dispersion and polar, are presented in TABLE 1 and FIG. 6.

The results of the measurement of contact angles for
composite surfaces were consistent with those obtained
by Rittermann S. et al. [32]. All the tested materials
showed hydrophilic surface properties (©<90° [19]).
Modification of both types of composites significantly
increased the water’s contact angle, but it still remained
at a level below 90°. The reasons for the hydrophobic-
ity increase of the rubber-modified composites should
be seen in the change of surface topography (increased
roughness), as well as in physicochemical factors. Bis-
GMA resin, as the main component of the composite’
matrix, has polar hydroxyl groups [33], while liquid rubber
is non-polar [34], which will increase the contact angle.

Following the presumptions contained in the article [35]
it was found that the increase in the micro-roughness of
the composites surface after modification may result from
a different morphology of the reinforcement in the matrix
due to the presence of liquid rubber whose properties are
different from the properties of the rest of the resin matrix.
Nanosized particles may preferentially be placed in the rub-
ber domains, thus causing changes in the micro-roughness.
Such a location of the reinforcement particles in the rubber
domains was confirmed by additional microscopic observa-
tions (not presented here).

After the incubation, a statistically significant reduction
in the water’s contact angle value was observed for the FM
material, while the BM became significantly more hydro-
phobic. Lower values of contact angles after incubation in
water indicated an increase in hydrophilicity, which might
be related to the formation of bridged hydrogen bonds be-
tween the absorbed water and the composite surface [32].

diiodomethane

FIG. 4. Representative images of liquid droplets on the surfaces of the tested materials after curing.
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FIG. 5. Representative images of liquid droplets on the surfaces of tested materials after curing and 24 h of
incubation in distilled water.

TABLE 1. Summary of the measurement results of the contact angle and surface free energy of the tested
composites immediately after polymerization and after 24 h incubation in distilled water. The indices at the ©
angles for water and SFE mean statistically significant differences between the determined values.

Composites F FM B BM
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after curing "
contact angle (water) © [deg] 78.62+248" | 81.98+2.74'2 | 7539+ 1.51° | 77.23+£1.9234 (D
contact angle (diiodomethane) © [deg] 23.55 + 1.64 23.68 + 3.15 25.26 + 2.20 20.08 + 1.24 o |
Dispersive component of surface energy [mJ/m?] 46.66 + 0.56 46.61 £ 1.07 47.76 £ 0.37 46.06 + 1.27 <
Polar component of surface energy [mJ/m?] 2.68 £ 0.71 1.81+0.66 2.91+0.57 3.79£0.53 O
SFE [mJ/m?] 49.33 +1.27 ® 48.42 +£1.74 50.67 +0.94° | 49.84+1.74° z rY
after 24 h of incubation In distilled water — LlJ
contact angle (water) © [deg] 78.24 + 4.68 7817 £2.102 | 75.44 +2.323%% | 83.77 + 3.05 4% o I_
contact angle (diiodomethane) © [deg] 33.34 £ 2.54 28.48 +2.37 29.97 + 3.07 27.78 £ 2.69 L
Dispersive component of surface energy [mJ/m?] 4278 +1.14 4484 + 0.94 4423 +0.79 4512 +1.05 w
Polar component of surface energy [mJ/m?] 3.46 +1.53 3.1+ 0.66 412 +0.85 1.58 £+ 0.69 = E
SFE [mJ/m?] 46.24 +1.672° | 47.95+*1.61" | 48.36 £1.12¢°¢ | 46.70 + 1.32 d° _
(D >
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FIG. 6. Summary of SFE measurement results for materials without and after 24 h
of incubation in distilled water (the number 24 in the sample designation). The sym-
bols (*) indicate statistically significant differences against material F, (#) - against
material B, $ - statistically significant difference between materials BM and BM24.

Higher contact angles might be associated with the exist-
ence of strong repulsive forces between the surface and
the absorbed water molecules. This could create a thin
and even more hydrophobic layer above the surface of the
water-saturated material. This layer might be a surface that
can be damaged by abrasion but also renewed during the
service life of the filling.

The values of the surface free energy y, for the tested
materials before and after incubation in water, along with the
statistically significant differences, are presented in FIG. 6.
A statistically significant decrease in the SFE value was
noted in the case of composite FM when comparing to F,
from 49.33 to 48.42 mJ/m?2. Composite B achieved a higher
SFE value compared to F composite, however, similar to BM
and FM composites, which indicated the effect of a higher
amount of reinforcement. Composite BM showed lower val-
ues of SFE than the composite B ones, yet the differences
did not show statistical significance. The incubation in water
significantly lowered the surface free energy values for all
the tested materials. Importantly, in all the tested compos-
ites, the dispersion component has a decisive share in the
surface free energy value, which means a higher adhesive
affinity for non-polar substances. Similar dependencies
were revealed by Rittermann et al. [32]. For FM composite,
the value of this component decreased by 32% compared
to the F one. On the other hand, an increase in the polar
component value was achieved for BM composite.

The obtained results of y4 presented higher values than
those reported in the studies [32,36]. An increase in surface
free energy was related to a different composition of res-
ins and reinforcement; it might also suggest the adhesion
reduction resulting in a limited formation of a bacterial film.

Anincrease in the wettability or free energy of the surface
of dental fillings is an important factor contributing to the
plaque formation on dental materials [37]. Many studies on
dental composites wettability indicated that hydrophobic sur-
faces have a lower potential for bacterial colonization [38].
Thus, the materials for dental fillings should have good
wettability to the bonding system to ensure the required
adhesion of the joint, while the outer surface should show
low wettability to prevent bacterial adhesion.

Thus, the modification of dental composites with liquid
rubber favored their hydrophobicity and lowered the sur-
face free energy value. It is particularly important in terms
of reducing the possibility of colonization of such modified
fillings by bacteria.

Conclusions

The miscibility of Hypro 2000X168LC liquid rubber with
the blend of methacrylate resins was limited by their com-
position and viscosity. However, regardless of miscibility,
the curing process released the liquid rubber as a separate
phase in the form of spherical domains. The morphology of
these domains was homogeneous, and their size did not
exceed 50 pm in diameter.

The presence of liquid rubber in modified composites
increased their hydrophobicity and reduced the value of
surface free energy. The obtained properties might reduce
the formation of bacterial biofilm on the dental fillings, while
the adhesion to the bonding system might strengthen the
bond between the filling and the tooth tissues. Atendency to
limit water sorption as a result of liquid rubber modification
was also observed.
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