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ABSTRACT

With the purpose of further reducing surface free energy to achieve better anti-bacterial adhesion
effect of fluorinated dimethacrylate (FDMA)/tricyclo (5.2.1.0) decanedimethanol diacrylate (SR833s)
based dental resin composites (DS), 1H,1H-heptafluorobutyl methacrylate (FBMA) was used to
partially replace SR933s as reactive diluent. According to the degree of substitution, the obtained
resin composites were marked as DSF-1 (20wt.% of SR833s was replaced by FBMA), DSF-2 (40 wt.%
of SR833s was replaced by FBMA), and DSF-3 (60 wt.% of SR833s was replaced by FBMA). Bisphenol
A glycidyl dimethacrylate (Bis-GMA)/triethylene glycol dimethacrylate (TEGDMA) based resin
composite (BT) was used as control. The influence of FBMA concentration on double bond
conversion (DC), contact angle, surface free energy, anti-bacterial adhesion effect against
Streptococcus mutans (S. mutans), volumetric shrinkage (VS) and shrinkage stress (SS), flexural
strength (FS) and modulus (FM), water sorption (WS) and solubility (SL) were investigated. The
results showed that FBMA addition could reduce surface free energy from 44.6mN/m for DS to
32.9mN/m for DSF-3, and lead to better anti-bacterial adhesion effect (the amounts of adherent
bacteria decreased from 2.03x10° CFU/mm? for DS to 6.44x10* CFU/mm? for DSF-3). The FBMA
had no negative effects on DC, VS, SS, WS, and SL. Too high a concentration of FBMA reduced FS

ARTICLE HISTORY
Received 11 October
2023

Accepted 4 November
2023

KEYWORDS

Dental resin composites;
fluorinated methacrylate;
surface free energy;
anti-bacterial adhesion;
degree of conversion;
shrinkage; flexural
properties; water
sorption; solubility

and FM before water immersion, but the values were still higher than those of BT.

1. Introduction

Due to lack of antibacterial properties of dental resin
composites (DRCs), pathogenic bacteria such as
Streptococcus mutans (S. mutans) can easily accumu-
late on their surface of DRCs, resulting in a high risk
of secondary caries [1, 2]. With the aim of reducing
bacterial accumulation on the surface, the DRCs can
be modified to be bactericidal and to have an
anti-bacterial adhesion effect [3]. However, bacteri-
cides might influence the balance of oral microbiome
which is important to general health [4], thus endow-
ing DRCs with an anti-bacterial adhesion effect seems
a safer method.

According to surface thermodynamics, in oral con-
dition, cariogenic bacteria such as S. mutans have dif-
ficulty in adhering to surfaces with low surface free
energy because of their own high surface free energy

[5, 6]. Furthermore, a previous study showed a linear
relationship between the amount of adherent S.
mutans and hydrophobicity and surface free energy
[7]. Therefore, several methacrylates that can increase
hydrophobicity and reduce surface free energy have
been incorporated into the resin matrix of DRCs.
Tong et al. [8] synthesized two kinds of silicone
dimethacrylates (SMA-ME and SMA-MEO) and
added these into a Bisphenol A glycidyl dimethacry-
late  (Bis-GMA)/triethylene glycol dimethacrylate
(TEGDMA) resin with the aim of preparing
anti-bacterial adhesion resins for DRCs. The results
showed that silicone dimethacrylates could effectively
endow cured resin with an anti-bacterial adhesion
effect against S. mutans by increasing hydrophobicity
and reducing surface free energy. Unfortunately, addi-
tion of the silicone dimethacrylates seriously compro-
mised the mechanical properties of the cured resin. In
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our previous research, Zhang et al. [9] synthesized a
fluorinated dimethacrylate (DFMA) and mixed it with
the reactive diluent tricyclo (5.2.1.0) decanedimetha-
nol diacrylate (SR833s) to form a resin matrix. The
resulting  DRC had anti-bacterial adhesion effect
against S. mutans as well as mechanical properties
superior to those of Bis-GMA/TEGDMA based DRC.
Nevertheless, there were still a certain amount of bac-
teria attached on the surface of the DFMA/SR833s
based DRC.

If the surface free energy of DFMA/SR833s based
DRC could be reduced further, an improved
anti-bacterial adhesion effect might be achieved. For
this purpose, 1H,1H-heptafluorobutyl methacrylate
(FBMA) was used to partially replace SR833s as reac-
tive diluent. There are two reasons for choosing
FBMA as diluent in this study. One is that -CF, is
more effective in reducing surface free energy than
-CF,- [10]; with the same mass fraction, shorter fluo-
rocarbon chains could introduce more -CF; The
other reason is that 2,2,2-trifluoroethyl methacrylate
and 2,2,3,3,3-pentafluoropropyl methacrylate, which
have shorter fluorocarbon chains than FBMA, have
very low boiling point, making them unsuitable for
use as diluent in DRC. The hypothesis of this study
was that the use of FBMA as partial diluent reduces
the surface free energy of DFMA/SR833s based DRC,
reducing anti-bacterial adhesion.

2. Materials and Methods
2.1. Materials

Bis-GMA, TEGDMA, SR833s, camphorquinone (CQ),
2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA),
and  3-(trimethoxysilyl)propylmethacrylate  (y-MPS)
were purchased from Sigma-Aldrich Co. (St. Louis,

Figure 1. Structures of DFMA, SR833s, and FBMA.

MO, USA). FBMA was purchased from Tokyo Chemical
Industry Co. (Tokyo, Japan). The fluorinated dimethac-
rylate DEMA (Fig. 1) was synthesized as described pre-
viously [9]. Silanated dental glass fillers (SCHOTT®
UltraFine, GM27884, 6% silane, 0.7pm) were pur-
chased from SCHOTT AG (Mainz, Germany).

2.2. Preparation of dental resin composites

The components of the resin matrix for each DRC
were weighed and mixed according to the proportions
shown in Table 1. Subsequently, the resin matrix and
silanated glass fillers were mixed with a mass ratio of
30wt./70wt. using a high-speed mixer (ZD-T600C,
Shenzhen Zhidi Technology Int., Shenzhen, China) at
a speed of 2800rpm until a uniform DRC was
obtained.

2.3. Measurement of particles distribution in DRCs

The DRC was filled into a half-split stainless-steel
mold 2mm X 2mmx 25mm) that was placed on a
Mylar sheet. Then, the DRC was covered with another
Mylar sheet followed by a glass slide. The DRC was
light-cured using a visible light-curing unit for 20s
(Kerr Demi Ultra) in six separated overlapping por-
tions. The prepared sample was then brittle broken in
liquid nitrogen. After gold spraying, the particles dis-
tribution on the fresh section was observed using a
scanning electron microscope (SEM, Merlin, Zeiss,
Germany) with an operating voltage of 5KV.

2.4. Measurement of double bond conversion (DC)

The DC was investigated using FT-IR spectroscopy
(Thermo Scientific Nicolet iS50, Thermo Fisher
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Table 1. Components of the resin matrix for each dental resin composite

Components (g)

DRCs Bis-GMA TEGDMA DFMA SR833s FBMA cQ DMAEMA
BT 49.3 49.3 0 0 0 0.7 0.7
DS 0 0 493 493 0 0.7 0.7
DSF-1 0 0 49.3 39.44 9.86 0.7 0.7
DSF-2 0 0 493 29.58 19.72 0.7 0.7
DSF-3 0 0 49.3 19.72 29.58 0.7 0.7

Scientific Inc., Waltham, USA) with an ATR mold at
room temperature of 25°C. The FT-IR spectra were
recorded with 4 scans at a resolution of 4cm™'. The
DRC sample was applied into a cylindrical mold (d =
4mm, h = 2mm), which was placed directly on the
ATR crystal, and covered with a Mylar sheet followed
by a glass slide. At this point, a spectrum of the
uncured sample was recorded. The sample was then
light-cured from the top using a visible light-curing
unit with an irradiance of 850mW/cm? (Kerr Demi
Ultra, Kerr Corporation, Orange, CA, USA) keeping
the light-curing tip in direct contact with the glass
slide followed by recording of a second scan. The DC
was calculated from the methacrylate C=C peak at
1636 cm™, and normalized against the carbonyl C=0
peak at 1720cm™ according to formula (1)

DC(40)= I(Aecl/Aco)u |yoo 0
(Ac:c /Ac:o )0

where A-_. and A._, are the absorbance intensities of
the methacrylate C=C at 1636cm™ and the carbonyl
group at 1720cm™, respectively. (Ac_/Ac.o), and
(Ac_c/Ac o)y are the normalized absorbance of the
functional groups at the radiation times 0 and 40s,
respectively. The measurement of each DRC was
repeated five times (n = 5).

2.5. Measurement of volumetric shrinkage and
shrinkage stress

2.5.1 Volumetric shrinkage (VS)

The VS of the DRCs was measured by the difference
in density before and after being cured through an
analytical balance (FA1104], Shunyuhenping Scientific
Instrument Int., Shanghai, China) with an accuracy of
0.1mg equipped with a density test kit. The sample
was weighed in air and in water separately, and the
density of the sample (p) was calculated according to
formula (2)

p=— (2)

where M, and M,, are the weights of the sample in air
and in water, respectively. p, is the density of water
at the exact measurement temperature. Densities of
the sample before and after curing were all measured
three times (n =3).

The VS of DRC was then calculated according to
formula (3)

Vs =P =P 100% 3)

P

where p, and p, are density of sample before and
after being cured, respectively.

2.5.2. Shrinkage stress (SS)

Shrinkage stress was determined according to the
method used in previously [11]. Two 4cm long glass
rods with a diameter of 6 mm were fixed in a univer-
sal testing machine (Z010, Zwick-Roell GmbH & Co.,
KG, Ulm, Germany). The surfaces of the rods were
ground with a 180-grit carbide sandpaper and treated
with y-MPS before use. The uncured DRC was filled
into the gap between two rods and the height of
specimen was fixed to 1 mm thick. The specimen was
then irradiated by two visible light-curing units from
two sides simultaneously for 20s. The shrinkage force
was monitored and recorded for 5min at room tem-
perature. The SS was calculated by dividing the
shrinkage force with the cross-sectional area of the
glass rod. For every DRC, the measurement was
repeated eight times (n = 8).

2.6. Measurement of contact angle and surface
free energy

The DRC was applied into a 1.0mm thick cylindrical
stainless-steel mold with a diameter of 10.0mm, and
then covered with a Mylar sheet followed by a glass
slide. The DRC was light-cured using a visible
light-curing unit for 20s (Kerr Demi Ultra) in three
separated overlapping portions. After curing, the sam-
ple was removed from the mold and polished on sil-
icon carbide grinding paper (FEPA #4000) in a
grinding machine (MPD-1, Guangxiangzhiyang
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Instrument Ltd., Shanghai, China) using water as
lubricant to obtain a smooth surface. Subsequently,
the polished sample was cleaned ultrasonically in dis-
tilled water for 30 min, and then dried in a desiccator
before being tested. Six samples were prepared for
each DRC (n = 6).

The liquid contact angle on the surface of each
sample was measured using sessile drop technique
at room temperature with a video contact angle sys-
tem (SDC-100, Dongguan SINDIN Precision
Instrument Co., Ltd., Dongguan, China). A 2-pL
droplet of liquid was dropped onto the surface of
the sample, and the contact angle was obtained after
the droplet had stabilized on the surface for 20s.
Distilled water and diiodomethane with known sur-
face free energy were used to investigate the surface
free energy of sample, and the value was directly
calculated from the software of the machine through
Owens-Wendt approach.

2.7. Bacterial adhesion test

Sample preparation. The samples for the bacterial
adhesion test were prepared using the same protocol
as the samples for the contact angle test. Eight samples
(n = 8) were prepared for each DRC.

Bacterial culture. S. mutans (S. mutans, ATCC 25175)
was cultured in brain heart infusion (BHI) broth and
adjusted to 1x10” CFU/mL using the McFarland
Criterion. The bacteria suspension was then diluted in
BHI to 1x10° CFU/mL.

Adhesion assay. Each prepared DRC sample was
sterilized with ultraviolet rays for 1h and transferred
into one well of a 24-well culture plate with 1mL of
bacteria suspension (1x10° CFU/mL). After 24h of
anaerobic incubation at 37°C, the samples were
removed, gently washed twice with phosphate-buffered
saline (PBS) and vortexed vigorously to collect the
adherent bacteria from the surface. Subsequently,
100 L of diluted suspension was spread onto BHI agar
and anaerobically incubated at 37°C for 24h, after
which the colonies that grew on the BHI agar were
counted to assess the amount of adherent bacteria.

2.8. Measurement of flexural strength (FS) and
modulus (FM)

The DRC was filled into a half-split stainless-steel mold
(2mm x 2mmx 25mm) that was placed on a Mylar
sheet. Then, the DRC was covered with another Mylar

sheet followed by a glass slide. The DRC was light-cured
using a visible light-curing unit for 20s (Kerr Demi
Ultra) in six separated overlapping portions. Sixteen
samples were prepared for each DRC and randomly
divided into two groups. These two groups were used
to evaluated FS and FM before and after water immer-
sion. For aging, every sample was immersed in 30mL
of distilled water and stored at 37°C for one week. The
FS and FM of each sample were investigated using a
three-point bending test (span 20mm) in a universal
testing machine (AGD-10KN, Shinmadzu Corporation,
Kyoto, Japan) at a cross-head speed of 1.0mm/min.
The FS and FM were obtained directly from the soft-
ware of the machine.

2.9. Measurement of water sorption (WS) and
solubility (SL)

The DRC was filled into a 1mm thick cylindrical
stainless-steel mold with an internal diameter of 15mm
and covered with a Mylar sheet followed by a glass slide.
The DRC was light-cured using a visible light-curing
unit (Kerr Demi Ultra) for 20s in nine separated over-
lapping portions. Five samples were prepared for each
DRC (n = 5). The dry weight (M,) of the cured sample
was measured using an analytical balance with an accu-
racy of 0.1 mg. Subsequently, each sample was immersed
in 30mL of distilled water and stored at 37°C. At fixed
time intervals, each sample was removed from the water,
blotted dry, weighed and then returned to the water
until an equilibrium mass (M,) was obtained. Finally, all
samples were dried at 60°C under vacuum and weighed
every three days until constant mass (M;) was obtained.
The WS and SL of DRC were then calculated according
to formulae (4) and (5)

M,-M,
ws=——7~ (4)

SL=—"_"1 (5)

where V is the volume of the sample.

2.10. Statistical analysis

All results were statistically analyzed with analysis of
variance (ANOVA) at p<0.05 significance level by
IBM SPSS Statistics (Version21, IBM Co., New York,
USA). Subsequent multiple comparisons were all con-
ducted using Tukey’s post hoc analysis, except for the
results of FM and SL which were conducted using
Dunnett’s T3 post hoc analysis.



3. Results

The SEM pictures of fracture sections are shown in
Fig. 2, and shows an even distribution of inorganic
fillers in DRCs for all five DCRs in the observed area,
indicating that fillers and resin matrix were well mixed.

The results of DC, VS, and SS for DRCs are sum-
marized in Table 2. As can be seen, all DRCs had
similar DC (p>0.05). Compared with BT, all the flu-
orinated methacrylate containing DRCs had lower VS
(p<0.05) and SS (p<0.05). The VS and SS showed a
tendency to decrease with the increasing of FBMA
concentration in resin matrix, but the differences in
VS and SS between DS and DSF-1, and the difference
in SS between DSF-2 and DSF-3 were not significant
(p>0.05).

Table 3 shows the results of the contact angle mea-
surements on the surface of DRCs for each of the two
different liquids as well as the surface free energies of
the DRCs. The BT had the significantly lowest con-
tact angles (56.1+3.1°) and highest surface free energy
(529+14mN/m) (p<0.05). The contact angles
increased (from 99.2+3.1° (DS) to 117.9+1.9° (DSF-3)
for water, while from 36.9+1.5° (DS) to 62.6+1.5°
(DSF-3) for diiodomethane) with increasing FBMA
concentration in resin matrix, while the surface free
energy decreased (from 44.6+1.6mN/m (DS) to
32.9+1.2mN/m (DSE-3)) with increasing FBMA con-
centration. However, the contact angles of water on
the surface of DSF-2 and DSF-3 were statistically sim-
ilar (p>0.05).
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The amount of bacteria recovered from the surface
of the DRCs are shown in Fig. 3. As can be seen,
fluorinated methacrylate containing DRCs had signifi-
cantly lower amounts of adherent bacteria (p<0.05)
on the surface than BT (3.97+0.82x10° CFU/mm?).
The amount of adherent bacteria seemed to decrease
(from  2.03+0.31x10° CFU/mm? (DS) to
6.45+3.64x10* CFU/mm? (DSF-3)) with increasing
FBMA concentration.

Figure 4 depicts the FS (Fig. 4(A)) and FM (Fig.
4(B)) of the DRCs before and after water immersion.
Before water immersion, DS (132+7MPa) and DSF-1
(135£12MPa) had statistically similar FS (p>0.05)
which was significantly higher than that of BT
(119+7MPa) (p<0.05). DSF-2 (123+11MPa) and
DSF-3 (118+6MPa) both had statistically similar FS
as BT (p>0.05), while only DSF-3 had significantly
lower FS than DS (p<0.05). The FS of all DRCs
decreased significantly following water immersion
(p<0.05). Compared with BT (76+7MPa), all fluori-
nated methacrylate containing DRCs had higher FS
(p<0.05), except for DSF-2 (85+5MPa), which had
statistically similar FS as BT (p>0.05). Only DSE-2
had significantly lower FS (p<0.05) than DS
(102+£9MPa), while all the other FBMA containing
DRCs had similar FS (98+14MPa for DSF-1, and
90+13MPa for DSF-3) (p>0.05) as DS. Before water
immersion, all fluorinated methacrylate containing
DRCs had significantly higher FM than BT
(6.83+0.80GPa) (p<0.05), and all FBMA containing
DRCs (10.46+0.21 GPa for DSF-1, 9.66+0.64 GPa for

Figure 2. The fracture section morphology of DRCs. (A) BT; (B) DS; (C) DSF-1; (D) DSF-2; (E) DSF-3.
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Table 2. Results of double bond conversion (DC), volumetric
shrinkage (VS), and shrinkage stress (SS) of DRCs

Properties
DRCs DC (%) VS (%) SS (MPa)
BT 54.1+1.32 5.30+0.04° 3.20+0.25°
DS 52.7+3.2° 4.42+0.19° 2.09+0.12°
DSF-1 53.7+3.6 4.55+0.18° 2.00+0.18°
DSF-2 51.2+3.12 4.04+0.05¢ 1.61+0.25¢
DSF-3 51.4+3.32 3.55+0.37¢ 1.48+0.25¢

3dentical lower-case letters indicate no statistical difference between val-
ues within a column (p=0.05)

Table 3. Results of contact angle and surface free energy of
DRCs

Contact angle (°) Surface free

DRCs water diiodomethane energy (mN/m)
BT 56.1+3.1° 19.3+3.52 529+1.4°
DS 99.2+3.2° 36.9+1.5° 44.6+1.6°
DSF-1 105.6+2.9¢ 44.1+0.8° 424414
DSF-2 113.3+2.8¢ 52.4+1.24 39.6+1.2¢
DSF-3 117.9+1.94 62.6+1.5¢ 329+1.2¢

3ldentical lower-case letters indicate no statistical difference between val-
ues within a column (p=0.05)

Figure 3. The amounts of S. mutans recovered from the sur-
face of dental resin composites. Identical lower-case letters
indicate that there was no significant difference in the amounts
of S. mutans between the different groups (p=0.05).

DSF-2, and 9.36+0.34 GPa for DSF-3) had higher FM
than DS (8.16 £0.64 GPa) (p<0.05). DSF-3, which had
the highest FBMA concentration, had lower FM than
DSF-1 (p<0.05)., After water immersion, FM of all
DRCs had also decreased significantly (p<0.05). All
fluorinated methacrylate containing DRCs had statis-
tically similar FM  (6.92+0.87GPa for DS,
8.56+0.91 GPa for DSF-1, 8.26+0.29 GPa for DSF-2,
and 8.40+1.40GPa for DSF-3) (p>0.05), which were
higher than the FM of BT (5.04+0.28 GPa) (p<0.05).

Figure 5 presents the WS and SL results of the
DRCs. As shown, all fluorinated methacrylate con-
taining DRCs had statistically similar WS (16.5+0.2 ug/
mm? for DS, 15.9+0.9 uyg/mm? for DSF-1, 16.0+0.5 pg/

mm?® for DSF-2, and 16.4%0.6ug/mm?® for DSE-3)
(p>0.05) that were significantly lower than that of BT
(32.6+1.7pg/mm?®) (p<0.05). Likewise, the SL of all
fluorinated methacrylate containing DRCs
(11.3£0.6pg/mm® for DS, 11.3+1.1pg/mm’ for
DSF-1, 14.2+0.5ug/mm? for DSF-2, and 12.0+1.4pg/
mm?® for DSF-3) were also lower than that of BT
(20.8£1.8pug/mm?) (p<0.05). Among the FBMA con-
taining DRCs, only DSF-2 had higher SL (p<0.05)
than DS, while the other two DSF DRCs had similar
SL (p>0.05) as DS.

4, Discussion

Fluorine is an effective atom to produce low
free-energy surfaces due to its high electron negativ-
ity, small atomic radius, and low polarizability [12,
13]. Tt was reported that the surface free energy
decreased depending on the chemical composition of
the polymeric materials in the sequence -CH,->-
CH,>-CF,->-CF,H>-CF, [10]. Consequently, in this
study, DS had significantly lower surface free energy
than BT, and when SR833s was replaced by FBMA,
the surface free energy of DRC decreased further. As
a result of reduced surface free energy, the
anti-bacterial adhesion effect against S. mutans of
DRC was enhanced. Therefore, the hypothesis of this
study can be accepted. During our research, it was
found that replacing SR833s with FBMA would
increase the viscosity of DRC, and that DRC became
too viscous to be handled when more than 60% of
SR833s was replaced by FBMA. Thus, SR833s was
replaced only partially by FBMA.

When the components of the resin matrix changed,
the properties of DRC would be expected to vary.
Though FBMA can enhance the anti-bacterial adhe-
sion effect, its mono-methacrylic structure might
influence the properties, especially the mechanical
properties, of the DRC. Thus, it is necessary to inves-
tigate the influence of FBMA on the physicochemical
properties of DRC.

The DC is a crucial property that determines many
other properties of DRCs, such as shrinkage proper-
ties, mechanical properties, water sorption and solu-
bility [14-16]. Though the mono-methacrylate
structure of FBMA would be expected to decrease
cross-link density of DRC, which is beneficial for
achieving higher DC [17], the DC did not significant
change after replacing SR833s with FBMA. This could
be attributed to the specific properties of the fluorine
atom that makes the fluorocarbon chain be bulky and
rigid [13], which may decrease the mobility of the
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Figure 4. The results of flexural strength (A) and modulus (B) before and after water immersion of dental resin composites.
Identical lower-case letters indicate that there was no significant difference in flexural strength or modulus between the different
groups before water immersion (p=0.05), while identical upper-case letters indicate that there was no significant difference in
flexural strength or modulus between the different groups after water immersion (p=0.05).

Figure 5. The water sorption and solubility of dental resin
composites. Identical lower-case letters indicate that there was
no significant difference in water sorption between the differ-
ent groups (p=0.05), while identical upper-case letter indicate
that there was no significant difference in water solubility
between the different groups (p=0.05).

polymer chain and interfere with the polymerization.
This phenomenon was also found in the other
research [7].

As an inherent drawback of methacrylate-based
DRCs, volumetric shrinkage and accompanied stress
can induce secondary caries, microleakage, marginal
discoloration, and postoperative sensitivity [18, 19].
The extent of VS was reported be positively correlated
with double bond conversion and double bond con-
centration of DRCs [20, 21]. With the same function-
ality, double bond concentration decreased with the

increasing of molecular weight [22]. In this research,
all DRCs had similar double bond conversion (DC),
thus double bond concentration of the monomers
used played an important role for VS. Compared with
the monomers used in BT, FDMA (1056.8 g/mol) has
higher molecular weight than Bis-GMA (512.6 g/mol),
and SR833s (304g/mol) has higher molecular weight
than TEGDMA (286.3 g/mol), thus DS had lower VS
than BT. Though FBMA (268 g/mol) has lower molec-
ular weight than SR833s, its mono-methacrylate struc-
ture causes a lower double bond concentration
(3.73x10° g/mol) than SR833s (6.58x10° g/mol), and
VS decreased with the increasing of FBMA in resin
matrix. SS showed the same trend as VS, which was
expected as the magnitude of shrinkage stress is asso-
ciated with the extent of volumetric shrinkage [23, 24].

In harmony with a previous study, DS had higher
FS and FM than BT [9]. Replacing SR833s by FBMA
might have led to reduced cross-link density of DRC,
but DSF-1 and DSEF-2 still had comparable FS and
higher FM than DS. This might be due to the bulky
and rigid fluorocarbon structure in FBMA that could
have a reinforcement effect on the polymeric network.
When 60% of SR833s was replaced by FBMA, the
reinforcement effect of the fluorocarbon structure was
offset by the excessive reduction in cross-link density,
thus FS and FM of DSF-3 became lower than FS and.
FM of DSF-1. After water immersion, FS and FM of
all DRCs decreased because of the plasticization effect
of water molecules [25]. However, all fluorinated
methacrylate containing DRCs had higher retention
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rates of FS (76.8% for DS, 72.6 for DSF-1, 69.5% for
DSE-2, 76% for DSF-3) and FM (84.7% for DS, 81.8%
for DSF-1, 85.5% for DSF-2, 89.7% for DSF-3) than
BT (63.3% for FS, 73.9% for FM), as a sign of higher
water resistance, probably due to their lower WS.

The WS of a DRC is related to the hydrophilicity
[26] and cross-link density [27] of its resin matrix.
The BT had the highest WS because of its lowest
hydrophobicity. Using FBMA to replace SR833s could
increase hydrophobicity and decrease cross-link den-
sity of the DRCs. The former would reduce the WS
while the latter would increase the WS, and these two
effects offset each other, resulting in all fluorinated
methacrylate containing DRCs having similar WS.
The SL of DRCs was influenced by the amount of
unreacted monomers and the hydrophilic character of
the monomers [28]. Compared with BT, the lower SL
of fluorinated methacrylate containing DRCs is prob-
ably due the hydrophobic character of the monomers
used as all DRCs had similar DCs.

Based on all the above results, FBMA containing
DRCs showed the potential to be applied in the clinic
due to its lower volumetric shrinkage, shrinkage
stress, and better anti-bacterial adhesion effect, which
can help in reducing the risk of secondary caries.
Moreover, its better water resistance is beneficial for
achieving long-term service in the clinic. Future
research must now investigate biocompatibility and
adhesive ability to teeth of FBMA containing DRCs.

5. Conclusion

By partially replacing SR833s with FBMA in the
DFMA/SR833s resin matrix, DRCs with reduced sur-
face free energy and enhanced anti-bacterial adhesion
effect could be obtained. With the concentrations used
in this study, FBMA had no influence on double bond
conversion and water solubility, but could reduce volu-
metric shrinkage and shrinkage stress of DRCs.
However, too high a FBMA concentration led to reduc-
tions in flexural strength and modulus, although the
resulting DRCs still had higher flexural strength and
modulus than the Bis-GMA/TEGDMA based DRC.
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