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A B S T R A C T

Objective: To understand dimethyl sulfoxide (DMSO) interaction with distinct methacrylate monomer blends
and the impact on polymer formation by investigating the combined relationship among degree of resin hy-
drophilicity, presence of DMSO and specific physico/mechanical properties.
Methods: One hydrophobic (R2) and one hydrophilic (R5) methacrylate-based resins with different monomer
compositions were solvated in ascending DMSO concentrations (0, 0.01, 0.1, 1, 5, and 10 w/w %). Neat resins (0
w/w % DMSO) were used as controls. The degree of conversion was determined by Fourier-transform infrared
spectroscopy. Polymer crosslinking density was indirectly measured by a modified ethanol-water two-stage
solvation technique and the biaxial flexural strength was measured after 24 h and 30 days of water storage at 37
C̊. Water sorption and solubility were gravimetrically assisted during 28 days of water storage to determine the
kinetics of water-polymer interactions. Data were analyzed by ANOVA and Tukey test (α=0.05).
Results: Incorporation of high DMSO-concentrations significantly increased the degree of conversion of all tested
formulations, specifically for the hydrophobic resin (p < 0.05). Despite the increase in degree of monomer
conversion, higher water sorption/solubility values and lower biaxial flexure strengths were detected as a result
of reductions in polymer crosslink density (p < 0.05). In general, low DMSO-concentrations had no impact on
the biaxial flexural strength, crosslinking density and water sorption/solubility (p < 0.05).
Conclusion: DMSO-monomer ratio and monomer composition are critical for new dental methacrylate-based
adhesive formulations. High DMSO incorporation hampers physico/mechanical properties of methacrylate
bonding resins, albeit to a lesser extend when hydrophilic resins are employed. Nonetheless, DMSO-solvated
hydrophobic adhesives extensively outperform their hydrophilic correspondents. DMSO incorporation of 1w/w
% may constitute a secure threshold regardless of monomer composition.

1. Introduction

Despite substantial advances in resin-dentin bonding over the past
decades, reduction in bonding effectiveness of currently available
dental adhesives remains a major limitation in modern adhesive den-
tistry (Tjäderhane et al., 2013; Pashley et al., 2011). Hydrolysis of both
organic and resin constituents of hybrid layer (Frassetto et al., 2016)

persists as impediments in dentin bonding longevity. Since bonding is
directly related to the quality of the formed polymer (Ferracane, 2006;
Bae et al., 2005), the resin components play an important role in proper
resin-dentin interaction and in the mechanical properties of the mate-
rial (Van Landuyt et al., 2007).

Current dental adhesives are essentially co-monomer blends with
different hydrophilicity levels solvated in volatile organic solvents to
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enhance mixing and to avoid phase separation (Van Landuyt et al.,
2007). Solvents are crucial to facilitate the displacement of water from
dentin (Jacobsen and Söderholm, 1998) and to ensure better wetting
and monomer penetration into the etched-dentin matrix (Pashley et al.,
2007). As hydrophobic crosslinking monomers are necessary to im-
prove the mechanical properties of the polymer network, but are in-
capable to properly bond to the inherently hydrated dentin (Fang et al.,
2012; MRDO et al., 2005), hydrophilic monomers must be included in
adhesive formulations for adequate resin-dentin coupling. Un-
fortunately, increased resin hydrophilicity has been strongly associated
with reduced bonding performance over time partially due to higher
monomer elution from the polymerized resin matrix and subsequently
increased water sorption (Ito et al., 2005; Tay and Pashley, 2003). The
presence of residual solvents also produces localized areas of in-
complete monomer polymerization throughout the resin matrix (Yiu
et al., 2005). In addition, high concentrations of hydrophilic monomers
alter the colligative properties of the entire resin mixture (Pashley et al.,
1998). Thus, the use of increasing ratios of hydrophilic monomers raises
concerns on whether bonding resins have become too hydrophilic in
nature (Tay and Pashley, 2003). Since water uptake is dependent not
only on the presence of residual solvents but also influenced by the
degree of monomer hydrophilicity, the intricate combination of dif-
ferent monomers and solvents, as well as their ratios, also dictate the
reliability of bonding resins to sustain long-term degradation in the oral
cavity (Pashley et al., 1995).

One successful approach to improve the long-term bonding perfor-
mance of relatively hydrophilic resins is partial substitution of com-
monly used organic solvents by dimethyl sulfoxide (DMSO; (CH3)2SO)
(Stape et al., 2016). DMSO is a polar aprotic solvent that dissolves both
polar and non-polar compounds. It is a poly-functional molecule, with a
highly polar S˭O group and two hydrophobic methyl groups, fully
miscible in most solvents and in hydrophilic and hydrophobic mono-
mers commonly used in adhesive dentistry. Monomer conversion can be
technically improved by DMSO incorporation in poly-methacrylate
resin blends due to lowering of termination rates in free radical poly-
merization (Gupta and Nandi, 1970) and by disruption of monomer
intermolecular attraction more efficiently than commonly used sol-
vents. However, the benefits reported for HEMA-containing hydrophilic
resin blends are concentration-dependent: higher DMSO concentrations
impaired the mechanical properties of resins containing relatively high
HEMA/BisGMA ratios (Stape et al., 2016). In such DMSO-solvated
HEMA-rich resin blends, the lower availability of crosslinking mono-
mers (i.e. BisGMA) combined with the reduced approximation between
growing polymer chains may synergistically compromise polymer
crosslinking and thus hamper polymer mechanical properties. Although
the impact of DMSO on relatively hydrophilic ethanol-solvated resins
has been reported (Stape et al., 2016), there is no information regarding
the effect of DMSO on resin blends with different monomer composition
containing higher ratios of crosslinking monomers. Hitherto, there are
no studies where the relationship among the presence of DMSO, degree
of resin hydrophilicity and physico/mechanical properties of commonly
used BisGMA-TEGDMA-HEMA bonding resins have been investigated
together to better understand the effect DMSO on polymer network
formation and durability.

Therefore, the aim of this study was to evaluate the DMSO solvation
effect of a hydrophobic resin with high fractions of crosslinking
monomers and a hydrophilic resin blend containing low BisGMA/
HEMA ratios in ascending DMSO (0.01, 0.1, 1, 5 and 10 w/w %) ali-
quots. We measured the degree of conversion after polymerization,
polymer crosslink density and biaxial flexural strength at 24 h and after
30 days of water storage, as well as water sorption and solubility. The
null hypotheses were as follows: there would be no effect of DMSO
incorporation on hydrophobic or hydrophilic resins in terms of (i) de-
gree of conversion; (ii) polymer crosslink density; (iii) mechanical
properties; and (iv) water sorption and water solubility.

2. Materials and methods

2.1. Specimen preparation

Two neat methacrylate-based experimental resins (R2 and R5, Bisco
Dental Product Co, Schaumburg, IL, USA) of known compositions and
hydrophilicities (Table 1) were used to prepare twelve experimental
bonding resins containing ascending DMSO concentrations. The hy-
drophobic (R2) and hydrophilic (R5) resins were solvated in DMSO to
produce bonding resins with final DMSO concentration of 0, 0.01, 0.1,
1, 5 and 10 w/w % and DMSO-resin blends were magnetic stirred (VWR
international, Lutterworth, UK) to ensure homogenous mixtures. Neat
resins were used as controls. Disc shaped specimens (0.5 ± 0.02mm in
thickness and 6 ± 0.1mm in diameter) were prepared using custom-
made stainless steel molds. A Mylar strip was placed on the top of a
glass slide followed by the mold. To produce samples with smooth-flat
surfaces and to eliminate the oxygen inhibition layer, 25 µL of each
experimental resin was placed inside the mold followed by a Mylar strip
and a glass slide. Eventual air bubbles were carefully removed using a
micro-brush and subsequently both glass slides were clamped together
to produce discs with fixed thickness. A light-emitting diode (LED) light
curing unit (Elipar, 3M ESPE, Seefeld, Germany) with an output of
600mW/cm2 was used to light-cure the adhesive discs for 20 s on both
sides with the tip at 1mm distance from the specimen surface. After
curing, specimens were dry- or wet-stored in distilled water at 37 °C in
darkness for 24 h, depending on the test method and sample dimensions
were measured to the nearest 0.01mm using a digital micrometer
(Metteler Toledo, Columbus, OH, USA).

2.2. Degree of conversion

Absorption spectra of uncured and cured experimental adhesives
were obtained by Fourier Transform Infrared Spectroscopy (FTIR;
Spectrum one, Perkin Elmer, Beacons filed, Bucks, UK) equipped with a
universal attenuated total reflectance (ATR) accessory using a baseline
method (Rueggeberg et al., 1990). Monomer conversion was de-
termined by measuring the decrease of the C˭C ratio before and after
polymerization to an internal aromatic C˭C standard. A circumferential
silicon hollow mold (0.6 mm thickness, 6 mm diameter) was centralized
over the ATR crystal surface and a 5-µL drop of each experimental

Table 1
Composition of the experimental bonding resins solvated in DMSO.

Resin Composition % (w/w%)

Neat resin R2 BisGMA 70.00
Hydrophobic resin TEGDMA 28.75
Batch# 727–206–2 CQ 0.25

EDMAB 1.00
Neat resin R5 BisGMA 40.00
Hydrophilic resin HEMA 28.75
Batch# 727–206–5 2MP 30.00

CQ 0.25
EDMAB 1.00

Solvated resins R2 or R5+0.01% DMSO Neat resin 99.99
DMSO 0.01

R2 or R5+0.1% DMSO Neat resin 99.90
DMSO 0.1

R2 or R5+1% DMSO Neat resin 99.00
DMSO 1

R2 or R5+5% DMSO Neat resin 95.00
DMSO 5

R2 or R5+10% DMSO Neat resin 90.00
DMSO 10

Abbreviations: BisGMA =bisphenol A diglycidyl ether dimethacrylate;
TEGDMA= triethylene-glycol dimethacrylate; CQ= camphorquinone; EDMAB
= ethyl N, N-dimethyl-4-aminobenzoate; HEMA =2-hydroxyethyl methacry-
late; 2MP =Bis [2-(methacryloyloxy) ethyl] phosphate; DMSO=dimethyl
sulfoxide.
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adhesive (n=5/group) was placed inside the mold in direct contact
with the ATR crystal. A Mylar strip was immediately placed over the
top of resin to exclude oxygen and prevent solvent evaporation. Pho-
toactivation was performed at a fixed 1mm tip distance. Infrared
spectra collected before and after polymerization with a LED light-
curing unit (Elipar, 3M ESPE) for 20 s. The light intensity was checked
regularly. After light curing, post-cure polymerization was allowed to
continue up to 300 s and the absorption spectrum was collected for each
sample. Degree of conversion (DC) was calculated by changes in C˭C
absorption peak ratios of aliphatic (1638 cm−1) and aromatic
(1608 cm−1) peaks in both uncured and cured states obtained from the
infrared spectra according to the following equation:

⎜ ⎟⎜ ⎟= ⎛
⎝

⎛
⎝

− ⎞
⎠

⎞
⎠

DC R
R

X(%) 1 100
Cured

Uncured

( )

( )

Where “R” is the ratio of aliphatic and aromatic peak intensities at
1638 cm−1 and 1608 cm−1 in cured and uncured adhesives.

2.3. Softening in ethanol

Polymer crosslink density was indirectly measured by a modified
ethanol-water two-stage solvation technique adapted from standard
softening tests (Moraes et al., 2007; Schneider et al., 2008; Leitune
et al., 2013). Circular samples (n=7/group) were fabricated in stain-
less steel mold and dry-stored at 37 °C in the dark for 24 h. Samples
were subsequently cold-embedded in epoxy resin (Struers, Ballerup,
Denmark) and highly polished (MetaServ 250 Grinder-Polish, Buehler
Ltd, Lake Bluff, IL, USA) with a felt disc saturated with alumina. The
initial Knoop microhardness number (KHN1) was registered from three
indentations (10 g/ 5 s) 100 µm apart from each other in each specimen
using a digital hardness Knoop tester (HMV 2, Shimadzu Corp., Tokyo,
Japan) and averaged for statistical purposes. The samples were then
immersed in distilled water at 37 °C for 24 h (KHN2) and subjected to
softening in absolute ethanol at 37 °C for 4 h (KHN3). After both im-
mersion periods, Knoop microhardness was measured and the percen-
tage reductions were calculated (ΔKNH%) to provide an estimation of
polymer crosslink density.

2.4. Biaxial flexural test

Resin discs (n=6/group) were tested after 24 h and 30-day storage
in distilled water at 37 ̊C. Specimens were placed in a custom-made jig
and tested in biaxial flexural on a testing machine (Shimadzu,
Shimadzu Corp., Kyoto, Japan) at 1mm/min until fracture maximum
loads (N) were recorded for each specimen. The following three equa-
tions were used to calculate the biaxial flexural strength:

= − −σ X0.2387P( Y)/d2

= + + −X v In r r v r r(1 ) ( / ) [(1 )/2]( / )2 3
2

2 3
2

= + + + −Y v In r r v r r(1 )[1 ( / ) ] (1 )( / )1 3
2

1 3
2

Where σ is the biaxial flexural strength (MPa); P is the maximum
load causing fracture (N); d is the thickness of the specimen (mm); v is
the Poisson's ratio (used v =0.25); r1 is the radius of the support circle
(mm); r2 is the radius of the loaded area (mm); and r3 is the radius of
the specimen (mm). In corresponds to natural logarithm.

2.5. Water sorption (Wsp) and solubility (Wsu)

Water sorption and solubility were determined according to ISO
4049 recommendations except for specimen dimensions
(0.5 ± 0.02mm in thickness and 6 ± 0.1mm in diameter) and sto-
rage period, which was extended to 28 days. Specimens (n=7/group)
were placed in desiccator containing dry silica at 37 °C and daily
weighed in a calibrated digital balance with 0.01mg resolution until a
constant weight (M1) for each specimen was obtained. Constant weight

was considered when mass variation was less than 0.1 mg in a 24 h
period. Specimens were then individually placed in sealed plastic vials
containing 5ml of distilled water and stored at 37 °C for different time
intervals (1, 2, 3, 4, 5, 6, 7, 14, 21 and 28 days). After each time in-
terval, specimens were rinsed in distilled water and gently blot dried to
remove any visible water, weighted and immediately returned back to
the plastic vials after replacing the distilled water. The initial mass
determined after the first desiccation process (M1) was used to calcu-
late mass changes after each fixed time interval during 28 days of water
storage. After the 28th day of storage (M2), specimens were dried once
again in the desiccator until a constant mass (M3) was reached. Water
sorption (WSp) and water solubility (WSu) after 28 days were calculated
(µg/mm3) using the following equations:

=
−

=
−Wsp

V
Wsu(M2 M3) (M1 M3)

V

Where M1 is the constant initial mass (µg) of the specimen; M2 is the
mass (µg) of the specimen after immersion in water; M3 is the constant
mass (µg) of specimen after the second desiccation process until con-
stant mass was obtained; V is the volume (mm3) of a specimen.

2.6. Statistical analysis

After confirming data normality (Shapiro-Wilk test) and homo-
scedasticity (Levene test), biaxial flexural strength, degree of conver-
sion and ΔKNH% data were evaluated separately using two-way
ANOVA. Water sorption, water solubility and Knoop microhardness
data were evaluated separately by three-way ANOVA. Post hoc analyses
were performed with Tukey test (α=0.05). SPSS Statistics, version 23,
was used for statistical calculations (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Degree of conversion

Degree of conversion means and standard deviations are shown in
Fig. 1. Two-way ANOVA revealed that “Resin type” (p < 0.001),
“DMSO concentration” (p < 0.001) and their interaction (p < 0.001)
significantly affected degree of conversion. R5 produced significantly
higher conversions than R2 for all DMSO concentrations. DMSO in-
corporation up to 1% produced no effects on the degree of conversion of
R2, while incorporation of 5% and 10% DMSO produced significantly
higher monomer conversions than the control group in the order of 12%
and 22%, respectively. A similar trend was observed for R5 with sig-
nificant increases of 4% and 14% for resins containing 5% and 10%,
respectively.

3.2. Softening in ethanol

Microhardness and ΔKNH% reduction means and standard devia-
tions for all groups are shown in Fig. 2. Three-way ANOVA revealed
that “DMSO concentration” (p < 0.001) and “resin type” (p < 0.001),
“storage condition” (p < 0.001) and their interaction (p < 0.001)
significantly affected bonding resins’ microhardness. In general, R2
resins presented significantly higher microhardness values compared to
R5 resins considering the corresponding storage conditions. DMSO in-
corporation up to 1% produced no significant changes in the micro-
hardness values of R2 resins after dry-storage, while 5% and 10% sig-
nificantly reduced the microhardness values in the order of 33% and
45%, respectively. Similar reduction was observed after water and
ethanol storage. Water-storage produced no significant changes for R2
resins regardless of DMSO incorporation when comparing to corre-
sponding dry resins. Storage in ethanol presented significant 55–70%
reductions in microhardness values compared to dry- and water-sto-
rage.

R5 resins also presented significant reductions in microhardness
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after 5% and 10% DMSO incorporation, which was consistent for all
storage conditions. Unlike R2 resins, significant reductions of approxi-
mately 70% occurred after water-storage when compared to the cor-
responding control dry samples. Further significant reductions also
occurred after ethanol-storage. Two-way ANOVA revealed that “resin

type” (p < 0.001), “DMSO concentration” (p < 0.001) and their in-
teraction (p < 0.001) significantly affect ΔKNH% reductions. In gen-
eral, R5 resins presented significantly higher ΔKNH% reductions
(77–88%) compared to R2 resins (56–70%). Both resins presented a
similar pattern where 5% and 10% DMSO incorporation produced

Fig. 1. Degree of conversion means and standard deviations
(n= 5) of model hydrophobic (R2) and hydrophilic (R5) re-
sins solvated in ascending DMSO concentrations. Different
capital letters indicate significant differences between DMSO
concentrations for R2 according to Tukey test (p˂0.05).
Different lowercase letters indicate significant differences be-
tween DMSO concentrations for R5 according to Tukey test
(p˂0.05). * indicates significantly higher conversion degrees
considering the corresponding DMSO concentration between
R2 and R5 according to Tukey test (p< 0.05).

Fig. 2. (A) Microhardness and (B) ΔKNH% reduction means
and standard deviations (n= 6) of model hydrophobic (R2)
and hydrophilic (R5) resins solvated in ascending DMSO
concentrations after immersion in distilled water for 24 h and
in absolute ethanol for 4 h at 37 °C. In Figure A, for each resin
type (i.e. R2 or R5) different capital letters indicate significant
differences between DMSO concentrations after dry storage,
and different lowercase letters indicate significant differences
between DMSO concentrations after water storage. Different
italic lowercase letters indicate significant differences be-
tween DMSO concentrations after ethanol-storage; and dif-
ferent Greek letters indicate significant differences between
storage conditions for each DMSO concentration according to
Tukey test (p˂0.05). For ΔKNH% (Figure B), different capital
letters indicate significant differences between R2 resins and
different lowercase letters indicate significant differences be-
tween R5 resins.
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significantly higher ΔKNH% reductions.

3.3. Biaxial flexural test

Flexural strength means and standard deviations of hydrophobic
(R2) and hydrophilic (R5) resins solvated in ascending DMSO con-
centrations are shown in Fig. 3. Two-way ANOVA revealed that “DMSO
concentration” (p < 0.001), “storage time” (p < 0.001) and their in-
teraction (p < 0.001) significantly affected the flexural strength of
resin R2 and R5. R2 resins produced higher flexural strength values
compared to resin R5 resins. Incorporation of DMSO up to 1% in R2
produced no significant changes at 24 h; however, incorporation of 5%
and 10% DMSO produced significant reductions of roughly 30% and
50% compared to control group, respectively. For the samples stored
for 30 days in water, significant reductions in flexural strength were
observed after 5% and 10% DMSO incorporation of roughly 65% and
80% compared to the control group, respectively. DMSO incorporation
up to 1% did not affect the flexural strength of R5, while 5% and 10%
DMSO caused significant reductions at 24 h. Similarly, R5 samples
stored for 30 days also presented significant reductions after 5% and
10% DMSO incorporation of roughly 40% and 30% compared to control
group, respectively, but to a lesser extent when compared to R2 resins.

3.4. Water sorption and solubility

Water sorption and solubility means and standard deviations shown
in Fig. 4. Two-way ANOVA revealed that “DMSO concentration”
(p < 0.001) and “resin type” (p < 0.001) and their interaction
(p < 0.001) significantly affected water sorption. “DMSO concentra-
tion” (p < 0.001) and “resin type” (p < 0.001) significantly affected
water solubility. DMSO incorporation in R2 up to 1% produced no
changes in water sorption and solubility levels compared to the control
group. R2 containing 5% and 10% DMSO presented a significant 1.5-
and 2-fold increase in water sorption and 5.3- and 16.5-fold increase in
water solubility levels compared to the neat control resin, respectively.
R5 presented significantly higher sorption and solubility levels com-
pared to resin R2 irrespective of DMSO concentrations. Significant in-
creases in R5 sorption and solubility levels also occurred at 5% DMSO
or above; however, to a lesser extent compared to R2. The exception
was R5 containing 10% DMSO, which presented a significant increase
of 60% in solubility.

Mass variation curves shown in Fig. 5. Changes in mass percentages
were plotted against the storage time in order to obtain the kinetics of
water uptake by DMSO-solvated resins during 28 days. All materials
showed the greatest mass increase within the first 24 h or 48 h of water

storage. DMSO incorporation up to 1% in R2 did not affect water uptake
kinetics compared to the neat resin and a negligible decrease in mass
occurred after 48 h. In general, higher DMSO incorporation in R2 pro-
duced higher maximum mass values. Differently from lower DMSO
concentrations, R2 groups containing 5% and 10% DMSO presented a
steep decrease in mass variation once maximum values were reached.
R5 resins presented no equilibrium after maximum mass values were
reached and gradual decreases in mass occurred for all DMSO con-
centrations, including the control group. Unlike R2, higher DMSO in-
corporation produced lower maximum mass values, but sharper drops
in mass variations.

4. Discussion

The colligative properties of methacrylate-based adhesives are
strongly dependent on specific interactions between monomers and
solvents (Pashley et al., 1995; Cadenaro et al., 2009). The negative
impact of high DMSO incorporation into relatively hydrophilic resins
has been previously reported (Stape et al., 2016) and it seems to follow
a similar trend as in commonly used volatile solvents (i.e ethanol)
(Pashley et al., 1995). Nonetheless, current dental adhesives contain
both hydrophobic and hydrophobic monomers combined into simpli-
fied or multi-mode systems (Van Landuyt et al., 2007). In order to
optimize the long term resin-dentin bonding improvement produced by
DMSO incorporation into bonding resins (Stape et al., 2016), a deeper
understanding of its impact on polymer structure formation of different
monomers is of paramount importance. By testing model adhesives
with varying hydrophilicities and monomer compositions, our ex-
pectations were that hydrophobic resin blends with higher fractions of
crosslinking monomers (i.e. 70% BisGMA in neat R2 vs. 40% in neat R5)
would benefit from the increase in monomer conversion produced by
DMSO (Stape et al., 2016), even at relatively low concentrations. In-
deed, a significant increase in conversion degree occurred, but only
with 5% and 10% DMSO incorporation regardless of resin blend com-
position. Therefore, the first null hypothesis was rejected for DMSO
incorporation increased monomer conversion in a concentration-de-
pendent manner.

BisGMA contains a rigid aromatic structure and engages in strong
intermolecular hydrogen bonding interactions (Floyd and Dickens,
2006) between the hydroxyl groups (OH) and the carbonyl groups
(C˭O) in adjacent BisGMA monomers (Lemon et al., 2007). These strong
intermolecular interactions in neat and low-DMSO resins compromise
monomer mobility during polymerization (Sideridou et al., 2002), re-
sulting in lower conversion. DMSO has two nonpolar methyl groups
(CH3) that may interact with the hydrophobic moieties of BisGMA and

Fig. 3. Biaxial flexural strength means and standard
deviations (n= 6) of model hydrophobic (R2) and
hydrophilic (R5) resins solvated in ascending DMSO
concentrations tested after 24 h and 30 days of water
storage at 37 ̊C. R2 and R5 resins were separately
analyzed. Different capital letters indicate significant
differences between DMSO concentrations at 24 h and
different lowercase letters indicate significant differ-
ences between DMSO concentrations at 30 days
(Tukey test, p˂0.05). * indicates significant differences
between specific concentrations at different incubation
times (Tukey test, p˂0.05).
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disrupt monomer intermolecular H-bonding, thus reducing resin visc-
osity with 5% or higher concentrations. This allows higher mobility of
monomer reactive components during curing improving monomer
conversion (Cadenaro et al., 2009; Dickens et al., 2003; Holmes et al.,
2007). In addition, DMSO also lowers termination rates in methacrylate
free radical polymerization (Gupta and Nandi, 1970), which may ben-
efit the degree of conversion.

Nevertheless, higher degree of conversion does not necessarily
imply improved polymer structure quality (Ye et al., 2007). In fact,
monomer crosslinking has a fundamental role on polymer properties
(Ye et al., 2007). Highly crosslinked polymers are more resistant to
degradation and solvent uptake, whereas linear polymers contain more
pathways for solvent molecules to diffuse within their structure
(Ferracane, 2006). For this reason, softening tests are used for indirect
assessment of crosslink density (Schneider et al., 2008; Rodrigues et al.,
2015). When a polymer comes in contact with polar solvents, hydrogen
bonds are formed between the solvent and the polar groups present in
the polymer structure (e.g. OH, CO). Linear polymer structures are more
susceptible for such H-bonding formation because the forces of attrac-
tion between low crosslinked polymer chains can be easily exceeded by
the forces of attraction between solvents and components of the chains

(Ferracane, 2006). Inevitably, disruption of polymer network inter-
chain interactions, alteration of molecular structure and increase in
polymer segmental mobility occur depending on the extension of sol-
vent uptake (Ye et al., 2007). As a consequence, ΔKNH% reductions
vary depending on the extension of solvent uptake, which can also be
influenced by solvent type (Schneider et al., 2008).

In most studies, one standard ethanol or water solution is usually
used for softening tests. Here, water and ethanol were sequentially in-
tercalated in a two-step softening protocol to better understand the
impact of water on DMSO-incorporate polymer networks. While mi-
crohardness values of the experimental DMSO-solvated R2 resins were
not affected by water immersion, R5 resins were greatly softened by
water likely due to lower fractions of crosslinking monomer BisGMA
and overall higher water affinity of the linearly-chain-forming 2-hy-
droxyethyl methacrylate (HEMA) (Malacarne et al., 2006). Subse-
quently, ethanol immersion greatly reduced R2 resins microhardness
values, but R5 to a lesser extent. This can be explained by the different
solubility parameters of the softening solvents and different resin ma-
trix compositions (Ferracane, 2006) of R2 and R5, which clearly pro-
duced distinct interactions with water and ethanol. By analyzing ΔKNH
% reductions, it is evident that in general R5 resins presented more

Fig. 4. Water sorption (A) and solubility (B) means and standard deviations (n= 7) of model hydrophobic (R2) and hydrophilic (R5) resins solvated in ascending
DMSO concentrations after 28 days of water storage at 37 °C. Different capital letters indicate significant differences between DMSO concentrations for resin R2,
different lowercase letters indicate significant differences between DMSO concentrations for R5 (Tukey test, p< 0.05). * indicates significant differences between
resin R5 and resin R2 for each DMSO concentration.
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linear polymeric chains than the higher cross-linked R2 resins. Cur-
iously, DMSO solvation had similar effects on the crosslink density of
the tested resins. While DMSO incorporation up to 1% had no sub-
stantial effects on crosslink density, 5% and 10% significantly reduced
polymer crosslinking, resulting in the rejection of the second null hy-
pothesis. Higher mass percentages of DMSO most likely prevented the
approximation between growing polymer chains during curing, leading
to reduction of polymer crosslinking (Ye et al., 2007).

Crosslink density results go hand-in-hand with the flexural strength
data, especially considering that crosslink density is an important factor
to the resultant mechanical properties of polymers (Sideridou et al.,
2003). Polymers containing higher ratios of crosslinking monomers (i.e.
BisGMA and TEGDMA) in general present higher mechanical strengths
than more linear polymers (Barszczewska-Rybarek and Jurczyk, 2015),
which explains the overall higher biaxial flexure strengths of R2 resins
composed of 70% BisGMA and 28.75% TEGDMA (58–117MPa) com-
pared to R5 resins containing only 40% BisGMA (12–22MPa). Since
relatively low DMSO concentrations were used in some groups, biaxial
flexure was selected over conventional uniflexural tests (i.e. conven-
tional three or four point bending tests) due to its increased sensitivity

and lower data scattering (Pick et al., 2010). Since DMSO incorporation
affected the mechanical properties of both tested resins, the third null
hypothesis had to be rejected. While lower DMSO amounts had no
impact on the mechanical properties, incorporation of 5% and 10%
DMSO significantly reduced immediate flexural strengths. The forma-
tion of more linear polymeric chains with higher DMSO incorporations
contributed to lower mechanical strengths, which is in accordance with
previous studies (Sideridou et al., 2003). It is important to note that H-
bonding between adjacent linear chains or cross-linked polymerized
networks reinforces the three-dimensional polymeric structure (Lemon
et al., 2007). It is plausible to assume that incorporation of DMSO in
resins over 5% (w/w %) also disrupted polymer interchain H-bonding,
thus contributing to lower flexural strengths.

When water penetrates polymer networks, the efficiency of sec-
ondary molecular interactions (i.e. H-bonding) is reduced, leading to
increased polymer plasticization and higher degradation rates
(Ferracane, 2006; Ito et al., 2005). Therefore, water storage negatively
affected flexural strengths depending on resin type and DMSO in-
corporation. The flexural strength of R2 resins with low DMSO con-
centrations was not affected by 30-day water storage; however, sig-
nificant reductions were observed for resins containing 5% and 10%
DMSO. In general, R5 resins were affected by water storage indicating
susceptibility to water degradation, which was not altered by in-
corporation of low weight percentages of DMSO. However, the storage
in water at 37 °C for 30 d may show the maximum level of resin-solvent
mixture degradation, curiously, 10% DMSO R5 was not statistically
different to 5% DMSO R5 after water storage, albeit a significant de-
crease occurred for 5% DMSO but not for 10% DMSO R5. This does not
imply higher stability of water. However, it may indicate that 10%
DMSO incorporation oversaturates polymer structure to the point
where additional water sorption/solubility over 30 days was not so
relevant on mechanical strength impairment. Nevertheless, longer sto-
rage periods might result in further flexural strength impairments
considering high water uptake of R5 resins solvated in DMSO.

Water uptake is determined not only by the degree of hydrophilicity
of the materials, but it is also dependent on the presence of residual
solvents in the polymer structure (Yiu et al., 2006). Since DMSO in-
corporation significantly affected water sorption/solubility of the tested
resins, the fourth null hypothesis was rejected. In general, R2 resins
presented significantly lower water sorption and solubility levels
compared to R5 resins due to R2's hydrophobic composition and higher
crosslink density, which also plays an important role on water sorption/
solubility (Ajithkumar et al., 2000). Polymers with lower crosslink
density tend to present higher water sorption levels (Ajithkumar et al.,
2000). In addition, DMSO is a highly hygroscopic solvent with high
hydrogen bonding affinity for water (Kiefer et al., 2011). Therefore,
DMSO incorporation of 5% or above (w/w %) may alter the dynamic
exchange of water molecules inside the polymer structure expediting
water sorption/solubility. The effect of DMSO incorporation on water
sorption was more pronounce in R2 than R5 resins. It should be noted
that the increase in water sorption/solubility was not caused by re-
duced monomer conversion, but due to the incorporation of a polar
hygroscopic solvent in the resin blend. Since there is a positive corre-
lation of polymer polarity and water sorption (Ito et al., 2005), in-
corporation of 5% and 10% DMSO increased the overall resin blend
polarity contributing to higher sorption/solubility levels. The rationale
that the mass variation of R5 resins with high amounts of DMSO in the
first 24 h is lower than corresponding R2 resins is because R5 resins
suffered high solubility at early stages, unlike R2 resins. Therefore,
incorporation of high amounts of DMSO in the hydrophilic resins dra-
matically increased solubility levels. It is important to note that the
relationship between water sorption/solubility and DMSO content in
adhesive resins was concentration dependent: 1% or lower DMSO
concentrations had no effect on water sorption/solubility irrespective of
resin composition.

Fig. 5. Mass variation (%) over time of model hydrophobic (R2) and hydro-
philic (R5) resins solvated in ascending DMSO concentrations during 28 days of
water storage at 37 ̊C. Symbols represent mean values (n= 7).
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5. Conclusion

DMSO-monomer ratio and methacrylate monomer composition are
crucial for dental adhesive formulations. Increase in degree of conver-
sions after higher DMSO incorporation did not enhance polymer quality
even in hydrophobic resin blends containing higher amounts of cross-
link monomers. In fact, higher DMSO amounts may impair the me-
chanical properties and water sorption/solubility levels of methacry-
late-based bonding resins regardless of adhesive monomer composition.
Incorporation of 5 w/w % or more DMSO compromised the quality of
polymer network. Reductions in physio/mechanical properties were
comparatively more pronounced in hydrophobic resins, even though
DMSO-solvated hydrophobic resins clearly outperformed the corre-
sponding hydrophilic resins. Nevertheless, up to 1 w/w % DMSO in-
corporation in hydrophobic or hydrophilic experimental bonding resins
had no effect on their mechanical/physical properties, and may con-
stitute a threshold to improve the clinical performance of dental ad-
hesives with distinct water affinities.
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