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To obtain a kind of light-curable fiber-reinforced composite for dental restoration, an excellent interfacial adhe-
sion between the fiber and the acrylate resin matrix is quite essential. Herein, surface modification on glass fibers
were carried out by coating them with poly(methyl methacrylate) (PMMA), polydopamine (PDA), or both. The
PMMA or PDA coating was performed by soaking fibers in PMMA/acetone solution or dopamine aqueous solu-
tion. PDA/PMMA co-coated glass fibers were obtained by further soaking PDA-coated fibers in PMMA/acetone so-
lution. These modified fibers were impregnated with bisphenol A glycidyl methacrylate (Bis-GMA)/triethylene
glycol dimethacrylate (TEGDMA) (5:5, w/w) dental resin at a volume fraction of 75%, using unmodified fibers
as reference. Light-cured specimens were submitted to evaluations including flexural properties, morphological
observation, dynamic mechanical thermal analysis (DMTA) and pull-out test. In comparison with unmodified
glass fibers, all the modified glass fibers showed enhancements in flexural strength and modulus of Bis-GMA/
TEGDMA resin composites. Results of DMTA and pull-out tests confirmed that surface modification had signifi-
cantly improved the interfacial adhesion between the glass fiber and the resin matrix. Particularly, the PDA/
PMMA co-coated glass fibers displayed the most efficient reinforcement and the strongest interfacial adhesion
due to the synergetic effects of PDA and PMMA. It indicated that co-coating method was a promising approach
in modifying the interfacial compatibility between inorganic glass fiber and organic resin matrix.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The bonding of a post to the tooth structure should improve the
prognosis of the post-core restored tooth by increasing post retention

Most endodontically treated teeth require a post-and-core build-up
for restoring the teeth to optimum health and function [1]. Prefabricated
fiber posts are the most popularly used materials for these endodontical
treatments due to their advantages in biocompatibility, mechanical
properties and aesthetic features [2,3]. Many prefabricated fiber posts
(e.g.RTD,3 M and DMG) are now easily obtained worldwide [4,5]. How-
ever, each tooth in the arch exhibits anatomic characteristics such as
root curvature, mesio-distal width and labio-lingual dimension. In
other words, root anatomy dictates post selection for endodontical
treatments. In the case of abnormal curved root canal, prefabricated
fiber posts cannot fit into the canal well, and thus fail to achieve satisfac-
tory endodontical treatment [6]. Flexible prepreg, i.e. pre-impregnated
composite fibers, can be a good solution for this situation because of
its chairside operability [7].
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and by reinforcing the tooth structure [8]. Prepregs composed of glass
fibers and light-curable acrylate resin are preferred for dental restora-
tion because they can form strong bonding to acrylate cements, which
are so essentially required to fix posts in root canals firmly [9].

In the case of fiber-reinforced dental composites, a primary issue is
the interfacial adhesion between the fiber and the resin matrix, espe-
cially in a moist environment [10,11]. Perfect adhesion is absolutely nec-
essary to transfer load from the matrix to the fiber, i.e. the strong fiber
carries the load, while the matrix distributes it and transfers it from
one fiber to the other. Glass fibers are generally treated with silane cou-
pling agent to enhance chemical bonds between the fiber and the resin
matrix [12]. The Si group in the silane coupling agent is able to interact
with inorganic surface of glass fiber, while another group in silane cou-
pling agent is able to form covalent bonds with the organic resin matrix.
Apparently, organic resin matrices with different chemical structures
dictate silane coupling agent selection. The bonding between glass
fiber and silane coupling agent via the formation of Si-O-Si is reportedly
not so stable in aqueous environments [ 13]. Plasma treatment is also ap-
plied to improve fiber-matrix adhesion, in which newly activated com-
ponents or surface roughness are introduced onto the fiber’s surface.
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The adhesion between the fiber and the matrix was thus enhanced [14].
Due to its relatively high cost and low treating efficiency, however, plas-
ma treatment is not popularly used in scaled-up production. For dental
composites, an ideal modification method is low-cost, effective, non-
toxic and causes no adverse effect on mechanical properties of glass fi-
bers. In addition, it is welcomed if the modified fibers can remain
acceptable interfacial adhesion when the composites are used in aque-
ous environments.

To achieve this goal, surface modification with mussel-inspired do-
pamine (DA) seems one of the simplest and most effective strategies
in enhancing interfacial adhesion for various composites [15]. The
amino acid dihydroxyphenylalanine (DOPA), has been identified to be
largely responsible for the cohesive and adhesive strengths of mussel
adhesive proteins in aqueous environments [16]. As an analogue of
DOPA, DA resembles the strong adhesion ability of DOPA, and it is able
to attach onto different substrates (e.g. metal, ceramic, polymer) by vir-
tue of the strong anchoring force of its catechol functionality [17]. The
DA coating process is easy and mild. Briefly, substrates are simply
soaked in a DA aqueous solution at room temperature, and a
polydopamine (PDA) layer on the substrate surface is readily formed
via the oxidative polymerization of DA [18]. Various substrates includ-
ing hydroxyapatite, carbon nanotube, glass, polytetraethylene (PTFE),
polyester, silicon rubber, etc., have all been surface-coated with PDA in
a similar manner [19-27]. The method would not ruin any structure of
the original substrate, and it is extremely useful for biomedical applica-
tions because it does not require the time-consuming synthesis of com-
plex linkers and the process is solvent-free and nontoxic.

In the aspect of using PDA modifications to improve interfacial adhe-
sion in composites, some achievements were reported in recent years.
To improve the dispersibility and interfacial interaction of nanofillers
in polymer nanocomposites, a layer of PDA was constructed onto the
surface of clay. It was found able to benefit not only the dispersion of
clay in epoxy resin matrix but also to enhance the effective interfacial
stress transfer [27]. PDA coating was also used to coat aramid fibers. In
comparison with silane coupling modifications, the adhesion between
the PDA-modified fibers and rubber matrix was remarkably improved
[28]. The surface free energy of both carbon and glass fibers was found
to increase after PDA coating; therefore, the fibers displayed quite
good wettability to epoxy resin [29].
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With these approaches, in this study, PDA coating on glass fibers was
proposed to achieve good infiltration with light-curable acrylate resin,
and thus their interfacial adhesion could be improved. In view of the
structure similarity and excellent compatibility between poly(methyl
methacrylate) (PMMA) and acrylate resins [30-32], PMMA coating or
PDA/PMMA co-coating on glass fibers was also investigated. As illustrat-
ed in Fig. 1, prepregs consisting of glass fibers and bisphenol A glycidyl
methacrylate (Bis-GMA) dental resin were prepared, light-cured and
submitted to characterizations including flexural properties, dynamic
mechanical thermal analysis (DMTA) and pull-out test. In comparison
with unmodified glass fibers, the null hypothesis of the present study
was that the aforementioned modifications on glass fibers could not sig-
nificantly improve the interfacial adhesion between the fiber and the
resin matrix.

2. Experimental
2.1. Materials

The glass fibers used in this study were SE8400LS from
Owens Corning Co., Ltd. (USA). The fibers were cleaned in distilled
water under ultrasonication for 10 min before they were used in the fol-
lowing modifications. Dental resins as Bis-GMA, triethylene glycol
dimethacrylate (TEGDMA), 2-(dimethylamino) ethyl methacrylate
(DMAEMA), camphorquinone (CQ) and PMMA (M,, = 35,000) were
purchased from Sigma-Aldrich (USA). Dopamine hydrochloride
(DA - HCl) was also purchased from Sigma-Aldrich and used directly.
Tris(hydroxymethyl aminomethane) (Tris) was purchased from Alfa
Aesar Company (USA). Other chemicals used in the study were from
Beijing Chemical Plant (China).

2.2. Coating modifications on glass fibers

2.2.1. PDA coating process

A certain amount of DA - HCl was dissolved in distilled water to get a
transparent solution with concentrations of 1.0, 2.0 or 4.0 mg/mL, and
the solution pH was adjusted to 8.5 by adding Tris. Pre-cleaned glass fi-
bers were then immersed into the solution at room temperature for dif-
ferent times (2, 10 or 24 h). After the reaction, glass fibers were
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Fig. 1. Schematic description of glass fibers with different surface modifications (A), the prepared prepreg (B) and the following composite samples for pull-out test (C).
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retrieved, washed with distilled water three times, and freeze-dried.
The untreated glass fibers were referred to as Glassfiber and the PDA-
coated glass fibers were referred as PDA@GIassfiber.

2.2.2. PMMA coating process

PMMA was added to acetone, and the system was continuously
stirred overnight to get a PMMA/acetone solution (5 wt.%). Subsequent-
ly, glass fibers were immersed into the solution for some time until the
fibers were impregnated completely. The glass fibers were retrieved
from the solution, and acetone evaporated naturally to leave a PMMA
coating on glass fibers. The PMMA-coated glass fibers were referred as
PMMA@Glassfiber.

2.2.3. PDA/PMMA co-coating process

The aforementioned PDA@Glassfiber was immersed into the 5 wt.%
PMMA solution in acetone for 5-10 s and taken out. After acetone evap-
orated, PDA and PMMA co-coated glass fibers were obtained, and re-
ferred as PMMA@PDA®@Glassfiber.

2.3. Preparation of prepregs

The light-curable resin mixture was prepared by mixing equal
amounts of Bis-GMA and TEGDMA (50:50 in weight), with DMAEMA
and CQ being added at the 0.5 wt.% of total resin. The system was uni-
formly mixed with continuous stirring. Then, bunched glass fibers
were soaked into the resin mixture until a kind of transparent state
was achieved with no obvious tiny bubbles between fibers. Then, the
glass fiber bunch was taken out from the resin mixture vertically to
drip off excess resin. Thus, prepregs were obtained and stored in dark
environment to prevent premature solidification. At this stage, the vol-
ume fraction of glass fibers in the prepregs was ~75%. The unmodified
and the three modified glass fibers were all used in preparing the
prepregs.

24. Flexural properties evaluation

To prepare specimens for flexural properties evaluation,
according to ISO 10477 standard, a Teflon mold with the size of
25 mm x 2 mm x 2 mm (I x w x h) was applied. Bunches of prepregs
were put parallel into the mold along the long axis until the mold was
fully filled. In order to prevent pre-mature curing, these operations
were conducted in a yellow-light room. After being degassed in vacuum,
the prepregs were photo-cured for 120 s for each side by using curing
light (300 mW/cm?; Coltolux LED), followed by post-treatment at
37 °C for 48 h. The specimens were carefully polished before being sub-
jected to three-point bending tests. The final dimensions of the speci-
mens were measured by a Vernier caliper.

The three-point bending test was performed on a universal testing
machine (Instron 1121, UK), with a span of 20 mm and a crosshead
speed of 1.0 mm/min being set. The flexural strength (Fs) and flexural
modulus (Ey) of composite specimens were calculated as follow:

Fs=3Fl/2bh’ (1)
Ey=PF;/4fbh’ 2)
where F is the applied load (N) at the highest point of-load-deflection
curve, | is the span length (20 mm), b is the width of the specimen, h
is the thickness, F; is the load (N) at a convenient point in the straight
line portion of the trace and f'is the deflection 9 (mm) of the specimen
at load F;. Ten specimens for each group were tested.

2.5. Dynamic mechanical properties

Dynamic mechanical properties of all the samples were determined
by a dynamic mechanical thermal analyzer (DMTA V, Rheometric

Scientific Inc., USA) in a three-point bending mode at a frequency of
5 Hz and a scan rate of 5 °C/min within a temperature range of 25 °C-
250 °C. The sizes of the specimens were the same as those for flexural
properties evaluation.

2.6. Pull-out test

A pull-out test was designed as shown in Fig. 1C for the purpose of
quantitatively identifying the interfacial properties between glass fibers
and Bis-GMA/TEGDMA (50:50 in weight) resin matrix. Briefly, unmod-
ified and modified glass fibers were cut into strands of 40 mm in length,
and a Bis-GMA/TEGDMA resin core of 6 mm in diameter and 2 mm in
height was built around the end of glass fibers. After being light-cured,
the specimens were submitted to a pull-out test and the interfacial ad-
hesion between glass fiber and resin matrix was characterized by the
maximum failure load (N). In preparing the pull-out specimens, a spe-
cially designed mold made of PTFE was used. The mold was composed
of two halves which were convenient for taking out the specimens.
The specimens were built through the following steps: (1) injecting
the light-cured resin into the mold; (2) inserting glass fiber strand
into the resin; (3) light-curing for 60 s (300 mW/cm?, Coltolux LED);
(4) splitting the mold, taking out the specimens and light-curing
for an additional 60 s to ensure polymerization. Ten specimens for
each kind of glass fibers were tested. Instron 1121 was used to apply a
tensile force along the long axis of the glass fibers at the crosshead
speed of 0.5 mm/min until failure occurred. The maximum failure load
of each specimen was recorded, at which point the specimen was dam-
aged by fiber dislodgement.

2.7. Characterizations

Surface elemental compositions of modified glass fibers were deter-
mined by X-ray photoelectron spectroscope (XPS, Thermo ESCALAB
250, USA) with an Al Ka X-ray source (1486.6 eV photons) under vacu-
um (8-10 Torr) using an incidence angle of 45° at a power of 150 W. The
chemical structure of the PDA coating was analyzed using Raman spec-
troscopy (Renishaw in Via, UK). Morphological observations were con-
ducted by scanning electron microscope (SEM, S-4700, Hitachi) at an
accelerating voltage of 20 kV after being sputter-coated with platinum
(30 mA, 20 s) using a sputter coater (Polaron E5600, USA).

2.8. Statistical analysis

The results of the three-point bending test and the pull-out test were
represented as mean + standard deviation for n = 10. Statistical analy-
ses were made based on t-test and differences between groups were
considered significant at p < 0.05.

3. Results
3.1. PDA coating on glass fibers

PDA coating on glass fibers was carried out by applying several DA
solutions of different concentrations for various reaction times. As
shown in Fig. 2, the pristine glass fiber displayed a very smooth surface
(Fig. 2a), while all the modified glass fibers demonstrated rough sur-
faces depending on the treating parameters. When the concentration
of DA solution was fixed at 2 mg/ml, the fiber surface could be seen be-
coming rougher as the reaction time increased from 2 h to 10 h (Fig. 2b
and c). A distinguishable coating layer was apparently observed and
covered the glass fiber completely as the reaction time was extended
to 24 h (Fig. 2d). When the reaction time was set to 24 h and the concen-
tration of DA solution was adjusted to 1 mg/ml (Fig. 2e) or 4 mg/ml
(Fig. 2f), the surface coating that was observed was not as intact as
that obtained from DA solution of 2 mg/ml (Fig. 2d). Blank domains
with no coating material could be found when DA solution of low
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Fig. 2. PDA coating on glass fibers by applying different modification parameters and characterized using SEM observation (a-f), XPS (g) and Raman spectra (h). The DA solution concen-
tration and reaction time for modification: (a) pristine glass fiber; (b) 2 mg/ml, 2 h; (c) 2 mg/ml, 10 h; (d) 2 mg/ml, 24 h; (e) 1 mg/ml, 24 h; (f) 4 mg/ml, 24 h.

concentration was used, whereas excess patches could be found if the
DA solution had a relatively high concentration. In previous studies, it
was found that a DA solution of 2 mg/ml was quite efficient in obtaining
a homogenous PDA surface layer by coating PDA on fiber post [33] or
polymeric nanofibers [34]. Therefore, with all the morphological com-
parisons on PDA-modified glass fibers in Fig. 2, the following PDA@
Glassfiber were also preferably prepared by soaking glass fibers in DA
solution of 2 mg/ml for 24 h at room temperature, for the purpose of
obtaining a homogeneous coating layer of PDA on glass fibers.

The surface chemical composition and structure of the PDA@
Glassfiber were identified by XPS (Fig. 2g) and Raman spectra
(Fig. 2h). In comparison with pure PDA and pristine glass fibers, the
XPS spectrum of PDA@Glassfiber clearly displayed characteristic signals
of both PDA and glass components. The Ny peak at 400 eV indicated the
presence of PDA. Those Si (100 eV and 153 eV) and Ca (343 eV) signals
originated from the glass fibers. In Raman spectroscopical analysis, inor-
ganic glass fibers did not show an obvious peak in wavenumbers of
1200-1700 cm™~ . While the organic PDA presented two peaks at
1350 and 1580 cm™ !, which contributed to the aromatic component
of PDA. Accordingly, the Raman spectrum of PDA@Glassfiber resembled
these two peaks, indicating the successful coating of PDA on glass fibers.

3.2. PMMA coating and PDA/PMMA co-coating on glass fibers
In preliminary studies, PMMA solutions in acetone of different con-

centrations (2 wt.%, 5 wt.%, 10 wt.% and 15 wt.%) were ever used to
coat glass fibers [35]. It was found that the viscosity of 2 wt.% PMMA/

acetone solution was thin and PMMA coating on glass fibers was not
satisfactory. However, the solutions were too thick to get a homoge-
neous PMMA coating on glass fibers, when the concentration of
PMMA/acetone solution was higher than 10 wt.%. The mechanical prop-
erties of Bis-GMA/TEGDMA composites reinforced with PMMA/acetone
solution of 5 wt.% treatment were found to be the highest among all the
designs [35]. Therefore, PMMA/acetone solution of 5 wt.% was chosen as
a proper solution to perform the coating modification in this study. The
resulting PMMA®@Glassfiber was observed using SEM, and the morphol-
ogy is shown in Fig. 3a. The PMMA coating on the fiber could be seen
quite smooth without any hint of adhesion between fibers.

In Fig. 3b, the glass fiber was firstly coated with PDA as afore-
mentioned, followed by being soaked into PMMA/acetone solution
(5 wt.%). The surface coating on the fiber could be seen a little thicker
than that on PMMA@GIassfiber. And the surface roughness increased
slightly. However, the PMMA@PDA®@Glassfiber still displayed relative
smooth surface without any hint of adhesion between fibers.

3.3. Flexural properties and fractural morphology

The prepreg made from PMMA@PDA@G]lassfiber and Bis-GMA/
TEGDMA is shown in Fig. 1B as an example to show the physical appear-
ance. It could be seen the prepreg was flexible, quite transparent and
homogeneous without visible bubbles. Composites made from prepregs
containing different kinds of glass fibers were submitted to three-point
bending test, and the flexural strength and modulus were obtained
(Fig. 4). As shown in Fig. 4a and b, the light-cured pure Bis-GMA/
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Fig. 3. SEM images show the PMMA coating (a) and PDA/PMMA co-coating (b) glass fiber.

TEGDMA resin specimens only demonstrated flexural strength and
modulus at 113.7 4+ 5.2 MPa and 1316.8 + 48.1 MPa, respectively.
When it was reinforced with glass fibers, without regarding the surface
coating, all the composites displayed significant increases in the flexural
strength and modulus, which went up to more than 800 MPa and
28 GPa, respectively. In comparison with the pristine glass fiber rein-
forced composites, the other three composites containing surface-
modified glass fibers achieved further higher flexural strength and
modulus, showing dependence on the type of surface coating. It could
be seen that the PMMA®@Glassfiber reinforced composites had better
flexural properties than PDA@Glassfiber reinforced composites, but
the PMMA@PDA®@Glassfiber reinforced composites displayed the
highest flexural strength (1025 4 51.8 MPa) and flexural modulus
(32.2 £ 1.2 GPa) among all the groups.

Composite fractures resulting from the bending test were observed
under SEM, and images are presented as Fig. 5a-d. In the case of pristine
glass fibers being used, many caves could be seen on the fractured sur-
face due to the pulled-out glass fibers (Fig. 5a). Little resin was detected
on the exposed fiber surface. Besides, distinguishable gaps were found
between the fibers and the resin matrix. On the contrary, the other
three fractural surfaces displayed trim cross-section, showing no hint
of fibers pulling out. The glass fibers, either modified by PDA and
PMMA or PDA/PMMA, could be seen adhering to the resin matrix tightly
without a distinguishable gap (Fig. 5b-d). With a closer look at Fig. 5b,
however, the adhesion of cured Bis-GMA resin to PDA@Glassfiber
seemed a little inferior to those glass fibers with surface PMMA coating.

3.4. Dynamical properties
The tané curves of various glass fiber-reinforced Bis-GMA/TEGDMA
composites are shown in Fig. 6 as a function of temperature. All the

specimens demonstrated a broad damping peak in the range of 50 °C-
250 °C. The pure Bis-GMA/TEGDMA resin matrix demonstrated its

(a)
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peak temperature around 100 °C, which was the glass transition tem-
perature (T,) of the pure resin. As the resin was reinforced with pristine
glass fibers, the tané peak could be seen shifting to higher temperatures
(114 °C). If the glass fibers had been surface modified, the resulting tané
peak could be seen further shifting to higher temperatures. Among
them, the highest peak temperature was detected at ~139 °C, when
the PMMA@PDA®@Glassfiber was used as the reinforcement for Bis-
GMA/TEGDMA resin.

3.5. Pull-out test

By building a Bis-GMA/TEGDMA core around the ends of different
glass fibers, the interfacial adhesion between fibers and the resin matrix
was quantitatively evaluated via pull-out test. To avoid discrete data,
only those maximum failure loads obtained at the failure mode of
fiber dislodgement were reasonable and valid (Fig. 7a). As shown in
Fig. 7b, those maximum failure loads of samples containing modified
glass fibers were generally higher than that of the group prepared
from pristine glass fibers. However, the increase in the maximum failure
load was not so significant when the glass fibers were only surface-
coated with PDA (increasing 10.2%) or PMMA (increasing 19.7%). A sig-
nificant increase in the maximum failure load was achieved in the case
of PMMA@PDA@Glassfiber reinforced composite being tested, in which,
the maximum failure load increased 43.3% over that of the pristine glass
fiber group. Noticeably, the modification with PMMA displayed higher
contribution to the interfacial adhesion between glass fiber and resin
matrix in comparison with the case of PDA modification.

4. Discussion
To obtain high-performance fiber-reinforced composites for dental

restoration, the perfect interfacial adhesion between fiber and resin ma-
trix was essential for effective stress transfer between different phases

(b) :
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Fig. 4. Flexural strengths (a) and flexural modulus (b) of fiber reinforced Bis-GMA/TEGDMA composites containing different glass fibers obtained from three-point bending test (* p <0.05).
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Fig. 5. SEM observations on the fractural morphologies of fiber-reinforced Bis-GMA/TEGDMA composites containing different glass fibers after the three-point bending test: (a) pristine

Glassfiber; (b) PDA@Glassfiber; (¢) PMMA@Glassfiber; (d) PMMA@PDA@Glassfiber.

[36]. In the present study, with the aim of developing a kind of light-
curable prepreg for endodontical treatment, great attention has been
paid to improving the interfacial adhesion between glass fibers and
Bis-GMA/TEGDMA resin matrix.

In previous works [30-32], we reported the preparation of core-shell
nanofibers with PMMA shell and their excellent adhesion to Bis-GMA/
TEGDMA resin, which resulted in a significant increase in flexural prop-
erties by using the core-shell nanofibers as reinforcement. It was sug-
gested that the shell polymer PMMA was able to form a kind of semi-
interpenetrating network (IPN) structure with acrylate type resin after
light-curing. The similarity in chemical structure of PMMA and Bis-
GMA/TEGDMA was believed able to make PMMA partly dissolve into
acrylate monomers via the interaction between methacryloyl groups
on both components. Therefore, PMMA chains were entangled with

0.30 4
1 —A—Resin
0.254 AAMAA —o—Glassfiber
A DA —o—PDA@Glassfiber
&8 mﬁgo —a—PMMA@Glassfiber
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Fig. 6. The tané curves of various glass fibers reinforced by Bis-GMA/TEGDMA composites
as a function of temperature.

the crosslinked resin network after light-curing [30,31]. Accordingly,
in the present study, glass fibers coated with PMMA surely demonstrat-
ed better interfacial adhesion to Bis-GMA/TEGDMA resin matrix in com-
parison with untreated glass fibers, as confirmed by the data of flexural
properties (Fig. 4) and pull-out test (Fig. 7). Also, the damp peak in tané
curve of PMMA@Glassfiber reinforced composites shifted to higher
temperature than the untreated glass fiber reinforced composites
(Fig. 6). This indicated that the T of Bis-GMA/TEGDMA resin matrix in-
creased due to the formation of semi-IPN structures between PMMA on
glass fiber surface and the resin, in which the interaction limited the
motion of polymer segments in resin matrix.

On the other hand, mussel-inspired PDA surface modification was
highlighted in recent years to improve the interfacial adhesion between
different phases in composites [27-29,37-40]. The approach was iden-
tified to be effective and efficient. We even used PDA coating on
prefabricated fiber posts to improve their interfacial adhesion with den-
tal acrylate adhesives [33]. In this study, PDA coating was applied on
glass fibers and the modified fibers demonstrated good attachment to
Bis-GMA/TEGDMA resin matrix. Similar to those results obtained in
using PMMA@Glassfiber, the PDA@Glassfiber-reinforced composites
also displayed higher flexural properties, higher T, and higher maxi-
mum failure load, than those of composites reinforced with untreated
glass fibers (Figs. 4-7). The explanation for this amelioration apparently
originated from the universal excellent adhesive ability of PDA to vari-
ous substrates by virtue of the strong anchoring force of the catechol
functionality via interactions such as hydrogen bond, chelation and
-1 stacking [41].

However, the effect of PMMA and PDA coating on improving the in-
terfacial adhesion between glass fiber and Bis-GMA/TEGDMA resin ma-
trix displayed a slight difference, in which both the flexural properties
and the maximum failure load were a little higher in the case of
PMMA coating than in the case of PDA coating. Besides, the T, of
PMMA@GIassfiber reinforced composite was also a little higher than
that of PDA@Glassfiber reinforced composite. This point was suggested
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Fig. 7. The failure mode of pull-out test (a) and the maximum failure load (b) in different groups: (1) pristine glass fibers; (2) PDA@Glassfiber; (3) PMMA@Glassfiber; (4) PMMA@PDA@

Glassfiber. (* p < 0.05).

due to their different mechanisms in improving interfacial adhesion. In
the case of PMMA®@Glassfiber, a semi-IPN structure was supposed to
form in the interfacial phase. While in the case of PDA@Glassfiber, the
glass fiber and the resin could be deemed as sticking together by the
‘PDA glue’. Apparently, the semi-IPN structure in the case of PMMA@
Glassfiber would limit the motion of chain segments in the resin matrix
more significantly, and thus further increase the T, in comparison with
the case of PDA@Glassfiber.

In view of the adhesive ability of PDA and the semi-IPN formation
ability of PMMA, the modification strategy that co-coating glass fibers
subsequently with both PDA and PMMA was proposed. It was expected
that the thin PDA layer was able to hold PMMA tightly onto glass fibers,
and then the PMMA formed a semi-IPN structure with Bis-GMA/
TEGDMA resin matrix. Thus, a perfect interfacial adhesion would be ob-
tained. Delightfully, the outcomes confirmed this strategy as being fea-
sible and effective. As shown in Figs. 4-7, the highest flexural strength
and modulus, the highest T, value, and the highest maximum failure
load in pull-out test, were all found in the case of PMMA@PDA@
Glassfiber reinforced Bis-GMA/TEGDMA composites among all the de-
signs. The catechol groups in PDA and the semi-IPN structure in the in-
terfacial inter-phases between the glass fibers and the resin matrix
played a kind of synergetic strengthening effect on interfacial adhesion.

5. Conclusion

The vital function of interfacial adhesion in preparing dental com-
posites urged researchers to find efficient and effective modification
methods for reinforcements. Glass fibers coated with mussel-inspired
PDA adhesive component or Bis-GMA compatible PMMA demonstrated
good wettability to light-curable acrylate resins. A tight interfacial adhe-
sion was achieved between the fiber and the resin matrix and, subse-
quently, the mechanical properties of the resulting composites
increased, which benefited from the efficient interfacial stress transfer
between the two phases. The successive co-coating of PDA and PMMA
on glass fibers could further strengthen the interfacial adhesion in com-
parison with either case of only PDA or PMMA modification being ap-
plied. These findings suggested a new universal strategy for the
surface modification of chemically inert high-performance fibers in de-
veloping novel dental composites.

Acknowledgements
The authors acknowledge the financial support from the National

Natural Science Foundation of China (No. 51373016), and the Beijing
Municipal Commission of Education (ZDZH20141001001).

References

[1] C. Williams, M. Kumar, M. Bajpai, D. Agarwal, Prosthodontic management of end-
odontically treated teeth: a literature review, Int. J. Clin. Prev. Dent. 10 (2014)
45-50.

AS. Khan, M.T. Azam, M. Khan, S.A. Mian, L.U. Rehman, An update on glass fiber

dental restorative composites: a systematic review, Mater. Sci. Eng. C 47 (2015)

26-39.

J. Perdigdo, P. Monteiro, G. Gomes, V. Santos, Restoring teeth with prefabricated

fiber-reinforced resin posts, Pract. Proced. Aesthet. Dent. 19 (2007) 359-364.

F. Zicari, E. Coutinho, R. Scotti, B. Van Meerbeek, 1. Naert, Mechanical properties and

micro-morphology of fiber posts, Dent. Mater. 29 (2013) e45-e52.

H.W.A. Wiskott, M. Meyer, J. Perriard, S.S. Scherrer, Rotational fatigue-resistance of

seven post types anchored on natural teeth, Dent. Mater. 23 (2007) 1412-1419.

P.C. Maccari, D.C. Cosme, H.M. Oshima, L.H. Burnett Jr., R.S. Shinkai, Fracture strength

of endodontically treated teeth with flared root canals and restored with different

post systems, J. Esthet. Restor. Dent. 19 (2007) 30-37.

W.A. Fokkinga, C.M. Kreulen, A.M. le Bell-Ronnlof, L.V]. Lassila, P.K. Vallittu, N.H.].

Creugers, In vitro fracture behavior of maxillary premolars with metal crowns and

several post-and-core systems, Eur. J. Oral Sci. 114 (2006) 250-256.

F. Monticelli, M. Toledano, F.R. Tay, A.H. Cury, C. Goracci, M. Ferrari, Post-surface

conditioning improves interfacial adhesion in post/core restorations, Dent. Mater.

22 (2006) 602-609.

[9] S. Uctasli, A. Tezvergil, LV]. Lassila, P.K. Vallittu, The degree of conversion of fiber-
reinforced composites polymerized using different light-curing sources, Dent.
Mater. 21 (2005) 469-475.

[10] S. Debnath, S.L. Wunder, ].I. McCool, G.R. Baran, Silane treatment effects on glass/
resin interfacial shear strengths, Dent. Mater. 19 (2003) 441-448.

[11] S. Garoushi, P.K. Vallittu, L.V.J. Lassila, Short glass fiber reinforced restorative com-
posite resin with semi-inter penetrating polymer network matrix, Dent. Mater. 23
(2007) 1356-1362.

[12] C.Y.K Lung, J.P. Matinlinna, Aspects of silane coupling agents and surface condition-
ing in dentistry: an overview, Dent. Mater. 28 (2012) 467-477.

[13] S. Marcinko, A.Y. Fadeev, Hydrolytic stability of organic monolayers supported on
TiO, and ZrO,, Langmuir 20 (2004) 2270-2273.

[14] D. Cokeliler, S. Erkut, J. Zemek, H. Biederman, M. Mutlu, Modification of glass fibers
to improve reinforcement: a plasma polymerization technique, Dent. Mater. 23
(2007) 335-342.

[15] H.Lee, S.M. Dellatore, W.M. Miller, P.B. Messersmith, Mussel-inspired surface chem-
istry for multifunctional coatings, Science 318 (2007) 426-430.

[16] M. Yu, J. Hwang, TJ. Deming, Role of 1,3,4-dihydroxyphenylalanine in mussel adhe-
sive proteins, J. Am. Chem. Soc. 121 (1999) 5825-5826.

[17] YK.Gong, L.P. Liu, P.B. Messersmith, Doubly biomimetic catecholic phosphorylcholine
copolymer: a platform strategy for fabricating antifouling surfaces, Macromol. Biosci.
12 (2012) 979-985.

[18] S.H.Ku,J.Ryu, SK.Hong, H. Lee, C.B. Park, General functionalization route for cell ad-
hesion on non-wetting surfaces, Biomaterials 31 (2010) 2535-2541.

[19] B. Fei, B. Qian, Z. Yang, R. Wang, W.C. Liu, C.L. Mak, J.H. Xin, Coating carbon nano-
tubes by spontaneous oxidative polymerization of dopamine, Carbon 46 (2008)
1792-1828.

[20] L. Zhu, Y. Ly, Y. Wang, L. Zhang, W. Wang, Preparation and characterization of
dopamine-decorated hydrophilic carbon black, Appl. Surf. Sci. 258 (2012)
5387-5393.

[21] S.Beckford, M. Zou, Wear resistant PTFE thin film enabled by a polydopamine adhe-
sive layer, Appl. Surf. Sci. 292 (2014) 350-356.

[22] W.B. Tsai, W.T. Chen, HW. Chien, W.H. Kuo, M.J. Wang, Poly(dopamine) coating of
scaffolds for articular cartilage tissue engineering, Acta Biomater. 7 (2011)
4187-4194.

[23] J.Ryu, S.H. Ku, H. Lee, C.B. Park, Mussel-inspired polydopamine coating as a uni-
versal route to hydroxyapatite crystallization, Adv. Funct. Mater. 20 (2010)
2132-2139.

2

i3

[4

[5

6

[7

[8


http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0005
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0005
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0005
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0010
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0010
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0010
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0015
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0015
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0020
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0020
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0025
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0025
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0030
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0030
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0030
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0035
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0035
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0035
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0040
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0040
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0040
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0045
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0045
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0045
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0050
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0050
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0055
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0055
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0055
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0060
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0060
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0065
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0065
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0065
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0065
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0070
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0070
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0070
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0075
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0075
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0080
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0080
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0085
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0085
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0085
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0090
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0090
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0095
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0095
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0095
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0100
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0100
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0100
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0105
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0105
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0110
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0110
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0110
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0115
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0115
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0115

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

M. Yi et al. / Materials Science and Engineering C 58 (2016) 742-749

J. Xie, P.L. Michael, S. Zhong, B. Ma, M.R. MacEwan, Mussel inspired protein-
mediated surface modification to electrospun fibers and their potential biomedical
applications, J. Biomed. Mater. Res. A 100 (2012) 929-938.

J.H. Jiang, L.P. Zhu, LJ. Zhu, B.K. Zhu, Y.Y. Xu, Surface characteristics of a self-
polymerized dopamine coating deposited on hydrophobic polymer films, Langmuir
27 (2011) 14180-14187.

H.G. Silverman, F.F. Roberto, Understanding marine mussel adhesion, Mar.
Biotechnol. 9 (2007) 661-681.

L. Yang, S.L. Phua, J.KH. Teo, C.L. Toh, S.K. Lau, J. Ma, X. Lu, A biomimetic approach to
enhancing interfacial interactions: polydopamine-coated clay as reinforcement for
epoxy resin, ACS Appl. Mater. Interfaces 3 (2011) 3026-3032.

R. Sa, Y. Yan, Z. Wei, L. Zhang, W. Wang, M. Tian, Surface modification of aramid fi-
bers by bio-inspired poly(dopamine) and epoxy functionalized silane grafting, ACS
Appl. Mater. Interfaces 6 (2014) 21730-21738.

W. Lee, J.U. Lee, ].H. Byun, Catecholamine polymers as surface modifiers for enhanc-
ing interfacial strength of fiber-reinforced composites, Compos. Sci. Technol. 110
(2015) 53-61.

S. Lin, Q. Cai, J.Y. Ji, G. Sui, Y.H. Yu, X.P. Yang, Q. Ma, Y. Wei, X.L. Deng, Electropun
nanofiber reinforced and toughened composites through in situ nano-interface for-
mation, Compos. Sci. Technol. 68 (2008) 3322-3329.

W. Sun, Q. Cai, P. Li, X.L. Deng, Y. Wei, M.M. Xu, X.P. Yang, Post-draw PAN-PMMA
nanofiber reinforced and toughed Bis-GMA dental restorative composite, Dent.
Mater. 26 (2010) 873-880.

LY. Cheng, X.G. Zhou, H. Zhong, X.L. Deng, Q. Cai, X.P. Yang, NaF-loaded core-shell
PAN-PMMA nanofibers as reinforcements for Bis-GMA/TEGDMA restorative resins,
Mater. Sci. Eng. C 34 (2014) 262-269.

Y. Li, Q. Chen, M. Yi, X. Zhou, X. Wang, Q. Cai, X. Yang, Effect of surface modification
of fiber post using dopamine polymerization on interfacial adhesion with core resin,
Appl. Surf. Sci. 274 (2013) 248-254.

(34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

749

Y. Li, Y.Z. Shi, S. Duan, D.Y. Shan, Q. Cai, X.P. Yang, Electrospun biodegradable
polyorganophosphazene fibrous matrix with poly(dopamine) coating for bone re-
generation, J. Biomed. Mater. Res. A 102 (2014) 3894-3902.

S. Lin, Y. Wei, W. Sun, G. Sui, Y.H. Yu, P. Li, X.P. Yang, X.L. Deng, Q. Ma, Semi-
interpenetrating interfacial formation of glass fiber reinforced dental resin bio-
composites and its mechanical properties, Acta Mater. Compos. Sin. 26 (2009)
85-90.

Q. Wu, M. Li, Y. Gu, S. Wang, L. Yao, Z. Zhang, Effect of sizing on interfacial adhesion
of commercial high strength carbon fiber-reinforced resin composites, Polym.
Compos. 36 (2014) 1-8.

LM. Hamming, X.W. Fan, P.B. Messersmith, L.C. Brinson, Mimiking mussel adhesion
to improve interfacial properties in composites, Compos. Sci. Technol. 68 (2008)
2042-2048.

L. Yang, S.L. Phua, C.L. Toh, L. Zhang, L. Han, M. Chang, D. Zhou, Y. Dong, X. Lu,
Polydopamine-coated graphene as multifunctional nanofillers in polyurethane,
RSC Adv. 3 (2013) 6377-6385.

D. Yang, M. Tian, W. Wang, D. Li, R. Li, H. Liu, L. Zhang, Controllable dielectric and
electrical performance of polymer composites with novel core/shell-structured con-
ductive particles through biomimetic method, Electrochim. Acta 87 (2013) 9-17.
Y. Fu, L. Liy, L. Zhang, W. Wang, Highly conductive one-dimensional nanofibers: sil-
vered electrospun silica nanofi bers via poly(dopamine) functionalization, ACS Appl.
Mater. Interfaces 6 (2014) 5105-5112.

Y. Liu, K. Ai, L. Lu, Polydopamine and its derivative materials: synthesis and promis-
ing applications in energy, environmental, and biomedical fields, Chem. Rev. 114
(2014) 5057-5115.


http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0120
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0120
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0120
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0125
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0125
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0125
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0130
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0130
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0135
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0135
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0135
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0140
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0140
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0140
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0145
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0145
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0145
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0150
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0150
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0150
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0155
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0155
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0155
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0160
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0160
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0160
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0165
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0165
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0165
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0170
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0170
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0170
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0175
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0175
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0175
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0175
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0180
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0180
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0180
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0185
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0185
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0185
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0190
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0190
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0190
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0195
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0195
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0195
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0200
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0200
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0200
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0205
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0205
http://refhub.elsevier.com/S0928-4931(15)30352-0/rf0205

	Flexible fiber-�reinforced composites with improved interfacial adhesion by mussel-�inspired polydopamine and poly(methyl m...
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Coating modifications on glass fibers
	2.2.1. PDA coating process
	2.2.2. PMMA coating process
	2.2.3. PDA/PMMA co-coating process

	2.3. Preparation of prepregs
	2.4. Flexural properties evaluation
	2.5. Dynamic mechanical properties
	2.6. Pull-out test
	2.7. Characterizations
	2.8. Statistical analysis

	3. Results
	3.1. PDA coating on glass fibers
	3.2. PMMA coating and PDA/PMMA co-coating on glass fibers
	3.3. Flexural properties and fractural morphology
	3.4. Dynamical properties
	3.5. Pull-out test

	4. Discussion
	5. Conclusion
	Acknowledgements
	References


