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ARTICLE INTFO ABSTRACT

Keywords: Objectives. In this study hybrid nanofibers embedded with niobium pentoxide (Nb,Os) were
Cotton-wool-like nanofibers synthesized, incorporated in self-adhesive resin cement, and their influence on physical-
Hybrids properties was evaluated.

Mechanical properties Methods. Poly(D,L-lactide), PDLLA cotton-wool-like nanofibers with and without silica-based
Niobium pentoxide sol-gel precursors were formulated and spun into submicron fibers via solution blow
Resin cement spinning, a rapid fiber forming technology. The morphology, chemical composition and
Solution blow spinning thermal properties of the spun fibers were characterized by field emission scanning elec-

tron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier-transform
infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC), respectively. Pro-
duced fibers were combined with a self-adhesive resin cement (RelyX U200, 3M ESPE)
in four formulations: (1) U200 resin cement (control); (2) U200+ 1wt.% PDLLA fibers; (3)
U200 +1wt.% Nb,Os-filled PDLLA composite fibers and (4) U200 + 1 wt.% Nb,0s/SiO,-filled
PDLLA inorganic-organic hybrid fibers. Physical properties were assessed in flexure by 3-
point bending (n=10), Knoop microhardness (n=5) and degree of conversion (n=3). Data
were analyzed with One-way ANOVA and Tukey’s HSD («=5%).

Results. Composite fibers formed of PDLLA-Nb,Os exhibited an average diameter of ~250 nm,
and hybrid PDLLA + Nb,0s/SiO; fibers were slightly larger, ~300 nm in diameter. There were
significant differences among formulations for hardness and flexural strength (p<0.05).
Degree of conversion of resin cement was not affected for all groups, except for Group 4
(p<0.05).
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Significance. Hybrid reinforcement nanofibers are promising as fillers for dental materi-
als. The self-adhesive resin cement with PDLLA + Nb,Os and PDLLA + Nb,0s/SiO, presented
superior mechanical performance than the control group.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Improvements in the field of dental materials include a wide
range of adhesive resin cements for luting indirect restora-
tions [1]. In part, the clinical success of indirect restorations
is ensured by the choice of luting agent and correct execu-
tion of the cementation technique to generate a strong bond
between the tooth and the restoration [2]. Mechanical prop-
erties of resin cements also influence the fracture strength of
restored teeth with indirect restorations and therefore, higher
flexural strength and hardness values could lead to greater
fracture resistance [3].

Self-adhesive resin cements were introduced to simplify
cementation procedures as no dental substrate pretreatment
is required [4,5]. They have attained great popularity because
they simplify adhesive luting procedures, reducing technique
sensitivity and chairside time [4]. However, at the same time
that the application procedure is simpler, compared with con-
ventional resin cements and no postoperative sensitivity is
expected because the smear layer is not removed, they interact
only superficially with the dentin substrate resulting in lower
bond strength [6,7]. These cements present modified acidic
groups containing methacrylate monomers that are able to
demineralize and infiltrate the dental substrate, resulting in
mechanical retention [4]. In addition, the monomers possi-
bly develop chemical interactions between the resin cement
and the Ca*? of hydroxyapatite [4,5]. In the beginning of the
chemical reaction, the initially acid pH is neutralized and
increases from 1 to 6 to avoid impairing the end conversion of
monomers, which could jeopardize the mechanical properties
of the cross-linked resin [2]. Meanwhile, the acid monomers
react with the amine co-initiator and camphorquinone result-
ing in lower polymerization rates and reducing the degree
of conversion (DC) of monomers, which can negatively influ-
ence the clinical performance [8,9]. Therefore, in spite of being
extensively used nowadays, the self-adhesive resin cements
are still progressing and further mechanical improvements are
needed to achieve long-term satisfactory cementation using
this class of resin cements.

Some efforts have been made to reinforce resin-based
dental materials with nanostructures to achieve enhanced
clinical performance [10,12]. Indeed, the incorporation of sub-
micron titanium dioxide, silica or hydroxyapatite-materials
has shown promising results on physical-mechanical prop-
erties of resin composites [8,12], adhesives [13], glass ionomer
cements [14]| and resin cements [15,16].

The incorporation of pentoxide niobium (Nb,Os) to bio-
materials has also been highlighted due to its remarkable
physicochemical properties and high biocompatibility show-
ing potential in biomedical applications [17]. Nb,Os is a metal
oxide, insoluble in water, with high mechanical stability and

similar optical properties to the dental structure [18]. It also
presents bioactivity and promotes the growth of hydroxya-
patite crystals when in contact with human saliva [19]. In
the case of self-adhesive resin cements, it could be hypothe-
sized that the incorporation of Nb,Os nanostructures could be
used as reinforcement to improve their mechanical properties.
Furthermore, based on the interaction between self-adhesive
cements and tooth substrates, the addition of Nb,Os might
improve the marginal sealing with restorations and this mod-
ified material would be suitable for further researches in a
biomimetic remineralization approach.

On the other hand, since the inorganic filler are harder
than the organic matrix of resin-based materials, stresses
are transmitted onto the filler structures during masticatory
forces, which generate cracks around the filler particles [20].
Therefore, reinforcement with fibrous materials have gained
interest in dental materials researchers in the past decade
[11,21]. Nanofibers are considerably more ductile than inor-
ganic fillers [20] and their extreme reduced diameter results
in significant increase in strength [22]. Nanofibers also provide
a large ratio of surface area to volume, which can enhance
the intermolecular hydrogen bonding between the nanofi-
brous filler and the resin matrix, providing good load transfer
between them [20].

In tissue engineering, sol-gel and sol-gel inorganic-organic
hybrids are promising materials for regeneration applications
because they can impart bioactivity, act as platforms for ther-
apeutic ion release, and recently self-healing systems have
been reported [23,24]. Different configurations include 3D-
scaffolds, foams, fiber mats, and cotton-wool-like nanofibers
that can even be 3D-printed [25]. Although the current evi-
dence shows positive results related to the incorporation of
nanofibers composed of organic polymers in resin compos-
ites [21,26], their addition into resin cement should be also
investigated. Moreover, the use of inorganic-organic hybrid
nanofibers in dental materials field could be explored, since
these hybrid fibers can act as a platform for the release of
therapeutic ions such as strontium, silver, iron, fluoride and
copper [27]. The addition of Nb,Os powder to sol-gel derived
nanofiber precursors is expected to improve their mechanical
properties and also the DC, as Nb,Os is a semiconductor oxide,
presents photocatalytic properties and, therefore, high energy
absorption [18,28].

Thus, the aim of this study was to fabricate/synthesize
hybrid nanofibers embedded with orthorhombic niobium pen-
toxide with or without a network on silica (Nb,0s/SiO;) and
characterize their morphology and composition. Then, we
evaluated the effects of their incorporation on the overall
mechanical properties and DC of a self-adhesive resin cement,
compared to the self-adhesive resin cement itself and the self-
adhesive resin cement filled with organic nanofibers. It was
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hypothesized that the inclusion of hybrid nanofibers would
influence the Knoop microhardness and flexural strength of
self-adhesive resin cements. It was also hypothesized that the
self-adhesive resin cement would present higher DC values, as
Nb,Os presents photocatalytic properties, which improves the
light absorbtion near the visible region of the light spectrum.

2. Materials and methods
2.1. Materials

A commercial self-adhesive resin cement (RelyX U200, 3M
ESPE) composed of a base (methacrylate monomers con-
taining phosphoric acid groups, initiators, stabilizers and
rheological additives) and a catalyst paste (methacrylate
monomers, alkaline fillers, silanated fillers, initiator, stabiliz-
ers, rheological additives) was used in this study. RelyX U200
was selected due to the reduced viscosity and superior bond-
ing performance to enamel and dentin in comparison with
other self-adhesive cements [29,30]. This cement is based on
the chemistry of its predecessors RelyX Unicem (the first self-
adhesive resin cement introduced in the market) and U100
with the addition of a rheology modifier to the mixture, which
reduces the viscosity.

The nanofibers used were composed by Poly(D,L-lactide),
PLA 4060D, PDLLA, with an average molecular weight of
120kg/mol, was obtained from Jamplas Inc., MO, USA, in
pellet form. Dimethyl carbonate (DMC>99%, Sigma-Aldrich,
Germany) was used as solvent for PDLLA. Niobium oxide pow-
ders (99.9% orthorhombic, Nb,Os) was obtained from AMG
company, BRA. Tetraethyl orthosilicate (TEOS>99% purity)
was obtained from Sigma-Aldrich, Germany and used as a
precursor for the synthesis of silica, inorganic-organic sol-gel.
Ethanol (>99.5% purity) and HCl (1.0M standard) were pur-
chased from Sigma-Aldrich (United Kingdom).

2.2.  Milling and particle size analysis of Nb205
powders

Niobium oxide powders were milled to reduce and homoge-
nizer their particles size. Wet milling was conducted using a
suspension of the niobium oxide powder in ethanol using a
conventional mill loaded with zirconia balls (SERVITECH, CT-
241, 5mm in diameter) and rotating at 60rpm for 1h. Then,
the powder was filtered, dried overnight at 50°C and stripped
for deagglomeration. Particle size was determined by dynamic
light scattering (DLS) using a Zetasizer Nano-ZS90 (Malvern
Panalytical, USA) with a Nb,Os setup of 0.21cm™ absorp-
tion coefficient and 2.34 refractive index. Dilution for measure
was carried out with distilled water using a concentration of
1wt.%.

2.3. Organic nanofiber, composite submicron fiber and
inorganic-organic hybrid sol-gel -based nanofiber
fabrication

A conventional method of solution blow spinning (SBS) was
used to produce the fibers, using a set-up as described in
[24,31,32]. In this work the parameters for spinning were:

internal (1.6 mm) and external (3 mm) nozzle diameter, 45 psi
pressure, flow rate 7.2mlL/h, 2mm nozzle protrusion, and
working distance of 20cm at 40°C (the hood remained with
controlled temperature). Three-dimensional Poly (D,L-lactide,
PDLLA) cotton-wool-like fibers were obtained by a rotating col-
lector at ~19m/s. Poly (p,L-lactide, PDLLA) cotton-wool-like
nanofibers with and without niobium filler or silica-based
sol-gel precursors were formulated and spun into submicron
fibers via SBS. Composite fibers were produced with precursor
solutions of niobium-filled PDLLA fibers.

Inorganic-organic hybrid sol-gel-based fibers were pro-
duced with a silica precursor solution A using formulations
based on the work of Poologasundarampillai et al. [31], in the
stoichiometric ratio of 1:2:2:0.01 (TEOS, ethanol, H,O and 1M
HCI), respectively in order to hydrolyze TEOS. The solution was
prepared under constant stirring for 24 h at room temperature.
Separately, a second polymer solution B was prepared (20% in
mass) to contain initially 10 wt.% of niobium added (in relation
to the total polymer mass) in 10 mL of DMC and sonification
was performed for 3h at 8 min intervals every hour. Next, the
mass of PDLLA was added to the initial solution under stir-
ring for 6h at 80°C. Subsequently, 3.7 mL of solution A was
slowing dripped onto 7.3mL of solution B (30 wt.% of silica)
and constant stirring at room temperature per 3h to result
in the inorganic-organic hybrid solution. Fig. 1 illustrates an
overview of the SBS fibers production.

2.4. Fiber characterization

Fiber morphology was assessed using a field emission
scanning electron microscope (FESEM) coupled with energy
dispersive X-ray spectroscopy (EDS), described in [33,34]. Fiber
diameters were measured using Image]J software (version 1.48,
NIH, Bethesda, MD, USA), based on a minimum of 70 fibers per
each sample.

The thermal properties were assessed using differential
scanning calorimetry (DSC) on a DSC 60 (Shimadzu, Japan).
Samples were heated from 25 to 200 °C under nitrogen atmo-

sphere (50 mlmin—1!) at a heating rate 10°Cmin—.

2.5. Self-adhesive resin cement sample preparation

The samples were prepared by mixing the fibers (as described
above) into the RelyX U200 commercial self-adhesive resin
cement. The same portion of base and catalyst pastes was
dispensed on a mixing pad and weighted on a precision
scale (Denver Instrument, Sdo Paulo, Brazil). Next, 1wt.% of
fibers were weight with the value corresponding to the resin
cement mass. This percentage was determined in previous
pilot studies varying the fibers concentration in order to obtain
a sufficient fluidity cement with improved mechanical proper-
ties. Fibers were manually added to the base paste and mixed
for 10 s. Afterward, the base paste with fibers were mixed with
the catalyst paste for another 10s, according to the manufac-
turer instruction. All samples were light-activated according
to the manufacturer’s instruction with a third generation LED
device (Valo, Ultradent) operating at 1000 mW cm~2 for 20s at
1mm distance. The irradiance was measured as previously
described [35].
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Fig. 1 - Schematic representation of the SBS fibers production.

The groups formed were as follow: (1) U200 resin cement
(control); (2) U200 + 1 wt.% PDLLA nanofibers; (3) U200+ 1 wt.%
Nb,Os-filled PDLLA composite submicron fibers; and (4)
U200+1wt.% Nb,0s/SiO,-filled PDLLA inorganic-organic
hybrid nanofibers.

2.6.  Flexural bending tests

Bar-shaped samples measuring 8mm x 2mm x 2mm were
prepared by pouring the mixtures described above into
stainless-steel split-molds, according to ISO 4049 with modifi-
cation of the sample length to avoid overexposure or uncured
regions considering the diameter of the LED curing device. Five
samples were prepared per group.

The flexural evaluation was conducted using a universal
testing machine (Instron 5943, Norwood, MA, USA), equipped
with a 500 N load-cell, using a crosshead speed of 0.5 mm/min,
according to ASTM D 790-86. Samples were loaded in 3-point
bending using a 6 mm span length on the top surface of each
specimen. Values were determined with the following equa-
tion:

3Fl
FS = 2bd2 (1)
Where FS is the flexural strength in MPa; F is the loading force
at the fracture point, lis the length of the support span (6 mm),
b and d are the measured width and thickness, respectively.
Fracture surface was analyzed by scanning electron micro-
scope (SEM).

2.7.  Knoop microhardness determination

Disc-shaped samples measuring 10 mm in diameter and 2 mm
in thickness were prepared by placing the material into
stainless-steel molds and covered with a polyester strip. The
surface of the samples was polished using decreasing grit
abrasive papers (in series 600, 1200, 2400, Buehler Ltd., Lake
Bluff, IL, USA) for 2min each, followed by 0.5 um diamond
paste (Buehler Ltd., Lake Bluff, IL, USA) to obtain flat and
smooth surface suitable for hardness evaluation. Three inden-
tations were made on the top surface of each specimen along
amiddle line spaced 100 pm from each other (Knoop diamond,
50g, dwell-time 15s), using a digital microhardness equip-
ment (Micromet II, Buehler, USA) and the mean of the three
readings was obtained.

2.8.  Degree of conversion

The DC was evaluated with FTIR-ATR (FTIR 8400; Shimadzu)
with a resolution of 4cm™ and 32 scans ranging from 4000
to 800cm™. Samples (n=>5) were analyzed after mixing the
base and catalyst paste under dual-cure polymerization con-
dition. The mixture was immediately placed covering the ATR
crystal to obtaining the baseline spectra. This was consid-
ered the initial FTIR spectra for the DC calculation. Three
minutes after mixing the pastes, the material in the crystal
was photo-activated for 20s and the spectra collection was
repeated (Fig. 2).

The percentage of unreacted carbon double bonds (C=C)
was obtained from the peak height ratio of the methacrylate
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Fig. 2 - Peaks at 1608 and 1638 cm~! identified in the spectral bands used for calculating the degree of conversion
immediately after mixing the base and catalyst pastes in a dual-cure polymerization condition and after photo-activation.

Peak at 850 cm~! identified the Nb.—O—Si linkage.

C=C (at 1638 cm™) and those of an internal standard aromatic
carbon double bond (at 1608 cm™) during the polymerization
in relation to the uncured material. The percentage of degree
of conversion (%DC) was calculated for each sample as follow:

DC (%) = =—Ramin 109 ©)

Rpaseline

where R is the ratio of the absorbance at 1638cm™! and
absorbance 1608 cm~? as a function of time.

2.9.  Statistical analysis

Kolmogorov-Smirnov normalization test was applied to exam-
ine if variables were normally distributed. Flexural strength,
Knoop microhardness and DC (quantitative data) were ana-
lyzed using one-way ANOVA followed by the Tukey’s HSD test.
The level of significance was pre-set at «=0.05.

3. Results
3.1. Fibers morphology

Niobium pentoxide particles were estimated at approximately
60+10nm in size by DLS measurement (Fig. 3) and were
used in colloidal solution to obtain fibers in inorganic-organic
sol-gel. Based on the DLS analysis it was concluded that
niobium particles did not agglomerate (Fig. 3). When agglom-
eration occurs, there are different peaks in smaller and
large sizes or duplicates. Typical samples consisted of
cotton-wool-like fibers and soft sponge-like structures, as
previous described [36,37]. The results showed that PDLLA

301 ?
)
_ —a— 1 h Milling /
g 204 P
L; )
2 404 / \ Range =42 - 91 nm
2 ° Y Mean =61 nm
0400000000d 0000000000000000
10 100 1000
30
—&— As Received
e 204 /"\
= ' ’\
3 10 Range =295-712nm ./ *
g Mean = 566 nm ik \
E /’ ’\
0900000000000 0060006000¢ *4
10 100 1000

Size (nm)

Fig. 3 - Dynamic Light Scattering (DLS) to measure the
mean size of Nb,Os particles as received and after milling.

nanofibers presented diameter of 0.1 £0.1 um (Fig. 4a). Submi-
cron and nanofibers of circular cross-section for Nb,Os-filled
PDLLA and Nb,0s/SiO,-filled PDLLA presented diameters
ranging of 0.25+0.1pm (Fig. 4b) and 0.3+0.1pm (Fig. 4c),
respectively. Nb,Os-filled PDLLA composite fiber samples pre-
sented homogeneity, network and porosity among the fibers.
Nb,0s/Si0,-filled PDLLA obtained combined fibers, which was
attributed to some variations in the pressure and to the inor-
ganic/organic precursor ratio.

Compositional analysis from EDS revealed the presence of
carbon (Fig. 5B and Fig. 6B), oxygen (Fig. 5C and Fig. 6C) and
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Fig. 4 - FESEM images of fibers morphology. (a) PDLLA images; (b) PDLLA-Nb,0s and (c) PDLLA-SiO>/Nb,0s. The mean of the
fiber diameters presented 0.1 pm for the PDLLA; 0.2 pnm for the PDLLA-Nb,0s5 and 0.3 pm for the PDLLA + SiO,/Nb,Os.
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Fig. 5 - EDS mapping results on fibers. (A) fibers image, (B) carbon, (C) oxygen and (D) niobium.
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Fig. 6 - EDS mapping results on fibers. (A) fibers image, (B) carbon, (C) oxygen, (D) silicon and (E) niobium.

niobium (5D and 6E) in the Nb,Os-filled PDLLA fibers (Fig. 7).
For the Nb,05/SiO,-filled PDLLA fiber, the silicon in the sol-gel
samples was found as expected (Fig. 6D and Fig. 7).

The DSC curves (Fig. 8) showed that the inorganic content
(Nb,0s5 and SiO;) does not significantly change the glass tran-
sition of the amorphous PDLLA fibers. These curves reported
amorphous behavior of the fibers.

3.2 Flexural strength and Knoop microhardness

Overall, the incorporation of nanofibers into self-adhesive
resin cement resulted in significant changes in flexural
strength and microhardness. The additional of organic poly-
mer itself (U200 + PDLLA fibers) did not differ from the control
group (U200) without nanofiber (Table 1, p>0.05). However,
there was a significantly increase in the values of U200+Nb, Os -
filled PDLLA composite fibers and U200+Nb,0s/SiO,-filled
PDLLA inorganic-organic hybrid fibers in comparison with

70 4 Il PDLLA-Nb - Weight
B PDLLA-ND - Atomic
Bl PDLLA-Si/NDb - Weight
607 Il PDLLA-Si/ND - Atomic

50

Counts (%)

C (6] Si Nb

Fibers Composition

Fig. 7 - Element content in atomic percentage on the fibers
developed.
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Table 1 - Mean and standard deviation values of self-adhesive resin cement control and reinforced with nanofibers.

Groups Flexural Hardness Degree of
strength (MPa) (KHN) (n=6) conversion (%)
(n=5) (n=3)

(1) U200 (control) 42.3+13.22 39.140.8? 67.6+0.7

(2) U200 + PDLLA 57.5+18.32b 45.840.8% 61.5+4.8%

(3) U200 + PDLLA/Ni, Os 71.0£32.0P 55.8+1.9P 63.2 4+ 3.52°

(4) U200 + PDLLA/ Nb,0s/Si0, 65.9+6.3° 60.7 £ 0.4° 54.6 £4.92

Values in the same column with different superscript lower—case letters significantly differ from each other (p <0.05).

Heat Flow (mW)

-6

——PDLLA Fibers
-9 - ——— PDLLA/Nb,0O; Fibers

T T T T T
40 60 80 100 120 140 160 180

Temperature (°C)

Fig. 8 - Differential Scanning Calorimetry (DSC) for
characterization and stability analysis of niobium
pentoxide into nanofibers.

U200 itself (Table 1, p<0.05). The addition of fibers had an
overall effect of increasing mechanical properties.

Although the addition of PDLLA fibers did not differ
from the control group, there was no statistically differ-
ence among U200+PDLLA, U200+Nb,Os-filled PDLLA and
U200+Nb;,05/Si0,-filled PDLLA (p<0.05). However, the pres-
ence of U200+Nb,Os-filled PDLLA composite fibers and
U200+Nb;,05/Si0,-filled PDLLA inorganic-organic hybrid fibers
showed higher values of hardness and flexural strength when
compared to the control group (p <0.05).

3.3. Degree of conversion and SEM analyses

For the DC test, the addition of PDLLA nanofibers and PDLLA-
Ni,Os into U200 did not differ from the negative control group
(U200), p<0.05. On the other hand, U200+ Nb,0s/SiO,-filled
PDLLA presented lower percentage values when compared to
the other groups (Table 1).

SEM images showed that there was a good dispersion of
nanofibers in the cement matrix (Fig. 9b). A good dispersion of
nanofibers with the surrounding matrix without visible gaps
(Fig. 9d) was also observed when compared to the unreinforced
sample (Fig. 9¢), but some artifacts are present in the sam-
ples without silica (Fig. 10b). These nanofibers remained intact
after fracture as shown in Fig. 10a and d. Another pattern of
fracture surface was observed in Fig. 10c with fibers pulling
out of the matrix.

4, Discussion

The first part of this study focused on the synthesis and
characterization of hybrid fibers that could be successfully
incorporated into dental materials. Next, we evaluated the
effect of their incorporation in a self-adhesive resin cement,
and compared them to a self-adhesive resin cement without
nanofibers (control) and a self-adhesive cement filled with
organic nanofiber (PDLLA). Previous researches showed that
reinforcement with organic polyacrylonitrile fibers resulted
in improvements on the mechanical properties of composite
resins [11,20,36]. In the current study, the PDLLA was chosen as
organic phase because of its mechanical stability and biocom-
patibility [37]. However, the outcomes demonstrated that the
addition of PDLLA nanofibers without Nb,Os and Nb,0s/SiO,
presented statistically similar values of flexural strength and
hardness when compared with the self-adhesive resin cement
itself (Table 1; p>0.05). In contrast, the addition of hybrid
nanofibers filled with Nb,Os and Nb,Os/SiO, into the self-
adhesive resin cement U200 notably presented high values of
both flexure strength and hardness (Table 1, p <0.05).

Mechanical resistance tests allow the prognosis of the clin-
ical performance of luting agents with respect to the retentive
strength of indirect restorations, because there is a correlation
between the mechanical strength and the retentive strength
of cemented prosthetic restorations [38]|. Improvements in
mechanical properties shown by present results could be
explained by the physicochemical properties of Nb,Os [17],
such as high wear and corrosion resistance, which make it
a stable material [17,39]. Mazur et al. [39] showed that a Nb,Os
layer deposited on a titanium alloy surface improved the SH
of the alloy, which also makes Nb,Os a potential coating that
could prevent the deterioration of biomaterials by various
environmental hazards.

Generally, when formulating self-adhesive resin cements,
the fillers incorporated are composed of fluorosilicate glass,
strontium calcium aluminosilicate glass, quartz, colloidal
silica and other glass fillers [40]. As the acid-based reac-
tion proceeds in the mixed cement, ionic cross-links that
occur between acid groups and calcium ions or aluminum
ions cause the pH to rise [40]. Madruga et al. [41] demon-
strated that the addition of calcium hydroxide to self-adhesive
resin cements reacted with the remaining acidic monomers
and improved pH-neutralization, which in turn had sig-
nificant impact on the mechanical stability of commercial
self-adhesive cements [41,42]. The RelyX U200 used in the
current study has calcium hydroxide in its composition, a
compound that presents deficient mechanical properties and
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Fig. 9 — SEM images of fractured samples of (a) unreinforced resin cement: a smooth and planar fracture pattern is observed;
(b) reinforced resin cement with PDLLA-Nb,Os-filled hybrid nanofiber: a rough surface characterizing the presence of
nanofibers; (c) unreinforced resin cement presenting visible fillers and voids; (d) reinforced resin cement with
PDLLA-Nb,Os-filled hybrid nanofiber. It is possible to note that even when the matrix around the nanofibers is broken, the
cotton-wool like nanofibers still links the two layers they are inserted between.

may decrease the mechanical strength of resin-based mate-
rials [41,43]. As the results of the present study show, the
addition of Nb,Os in self-adhesive cements is appropriate
to improve their mechanical properties. In addition, NbyOs
neutralizes the pH of the polymerization kinetic reaction,
as was shown when this oxide was added to bioglass [44].
The acidic functional monomers presented in self-adhesive
cements require low pH and hydrophilic properties in the
beginning of the setting reaction, but need further neutral-
izing reaction of the functional monomers to avoid impacting
the end conversion of monomers and to reduce water sorp-
tion and solubility [40]. Such reaction could be boosted by the
presence of NbyOs and improve the clinical performance of
self-adhesive resin cements, but more studies are need in this
area.

The improvement in the DC of resin-based materials is
expected to increase wear resistance, fracture toughness and
mechanical properties [45]. As Nb,Os is a semiconductor oxide
and presents high-energy absorption [18], higher DC values
were expected in the samples with Nb;Os and Nb,0s/SiOs,
because higher light absorption would improve the extent
of the reaction of monomer into polymer. Moreover, NbyOs
has band gap energy of 3.4 eV, presenting photocatalytic prop-
erties, which improves the light absorbtion near the visible
wavelengths of the light spectrum [28]. This hypothesis was
rejected, as no significant differences were found among the
U200+ Nb,05/Si0, compared with the U200 + PDLLA and U200
control (p>0.05, Table 1), and a significant decrease occurred

in DC for the U200+Nb,05/Si0,-filled PDLLA inorganic-organic
hybrid nanofibers compared than in the other groups (Table 1,
p<0.05). The addition of fillers increases the viscosity of the
resin cement, which may explain the decrease in the DC.
Highly viscous cements present lower DC than low viscosity
cements due to the reduced mobility of the monomers [46].

Habib et al. [47] demonstrated that smaller particles pro-
duced much higher depths of cure due to the decreased light
scattering and reflection that is exhibited, particularly when
matched with refractive index matched resins. The DC of
light-cured materials depends on many factors, including the
viscosity, filler characteristics and composition [5]. Since only
U200+Nb,05/Si0,-filled PDLLA presented silica in the compo-
sition, its lower DC can be attributed to the presence of this
compound in the nanofibers, which modifies the polymeriza-
tion behavior, due to the refractive index difference which
can influence the reflection and refraction effects that lead
to turbidity or opacity [47]. It was also observed that PDLLA-
Nb,05/Si02 nanofibers presented higher diameters (300 nm)
than the PDLLA-Nb,Os (250 nm) (Fig. 4), which make light pen-
etration difficult because the high content of filler or higher
diameters obstruct the passage of light, thus resulting in a
lower DC [48]. The processes led to the formation of fibers
of wider diameters because they had incorporated the silica
precursor.

The relationship between the DC and hardness is not
always straightforward [49]. Although an increase in hard-
ness is expected as the polymer network is formed, in the
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Fig. 10 - (a) Adhered nanofiber into the resin matrix (b) artifacts presented by cement without silica (c) pull-out pattern of
the nanofibers from the resin matrix (d) cement and Nb,0s/SiO,-filled PDLLA.

present study the addition of anisotropic fibers changed the
hardness depending on the surface area and orientation of
fibers. As shown in Table 1, no correlation between DC and
hardness was found. While the addition of nanofibers had
an overall effect of increasing mechanical properties, the DC
showed an opposite trend. Despite such results, the minimum
values for a clinically satisfactory restoration are not precise,
although arange of 55-65% for DC is acceptable for resin-based
materials and reached around 60% with resin cements [45,50].
The lower DC values presented by the U200+Nb,0s/SiO,-filled
PDLLA nanofibers did not affect their mechanical properties
(Table 1) and is in accordance with those values previously
reported in the literature [51].

Another aspect to be addressed when evaluating the DC is
that in a two-paste dual-curing resin cement, obtaining the
baseline spectrum of the FTIR is more difficult as the curing
reaction begins immediately after mixing the pastes; whereas,
the system is light-curable at any time during the chemical
polymerization period [52]. To avoid this issue, spectra of base
and catalyst pastes could be obtained separately and then
averaged. However, a correlation has been shown between
obtaining the spectra immediately after mixing the pastes and
obtaining them separately [53]. In the present study, to con-
sider a dual-cure condition, the analysis began immediately
after mixing both pastes [18,41,54], inserted over the crystal
and light-activated 3min after mixing the pastes, by a single
and calibrated operator.

According to some studies, dual-cure cements take up
6 min to photo activate because this delay has been shown to
improve their mechanical properties, stimulating the chem-
ical activation of the material [55,56]. However, this waiting
time is clinically impracticable and it negates one of the main
advantages presented by self-adhesive resin cements regard-
ing their reducing chairside time. On the other hand, it was
showed that a 4-minute interval between handling and pho-
toactivation negatively impacted the DC [57]. This negative
effect results from the chemical initiators starting the con-
version that generates an increase in the viscosity of the
material, preventing the photoactivation process from effec-
tively participating in the conversion due to the advanced
process of vitrification [58]. This vitrification process occurs
during polymerization of resin cements and causes a rapid
increase in the elasticity modulus of the material, which then
becomes too rigid to allow free movement of the constituent
components [57,58]|. As our main objective was to evaluate
the overall mechanical properties of a modified self-adhesive
resin cement, the photo-activation was performed immedi-
ately after mixing and it was chosen to simulate a real clinical
situation, because it is recommended that chemical-cured
resin cements be applied soon after mixing and the restoration
is seated [52].

When new materials are synthesized, it is important to
set parameters to be evaluated. In this study, the DSC curves
(Fig. 8) showed that the inorganic contents (Nb,Os and SiO,)
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presented in hybrid fibers do not significantly change the
glass transition of the amorphous PDLLA organic fibers. The
glass transition temperature is an important property that
determines the physical state of a polymer, and heating to
temperatures above the glass transition the polymer may
become elastic and rubber-like or liquefy [59], which is not
the case. This is relevant data which allows the nanofibers to
maintain their morphology during the light-curing processes.
Therefore, along with their use in advanced applications for
regeneration purposes such as bone and tissue scaffolds,
drug delivery and catalyst enzyme carriers [23,24], hybrid
nanofibers can be successfully used to reinforce self-adhesive
resin cements, as shown herein.

The main advantage of using fiber materials instead of
fillers as reinforcement in composites is their better load
transfer ability due to the fiber bridging effects and the higher
fracture aspect ratios [60]. A nanofibrous mat interleaved
between two layers of a laminate can bridge the two plies
even when the matrix is broken, carrying on additional loads
[61]. In the present study, SEM images of the fractured sur-
faces of unreinforced samples (Fig. 9a and c) and reinforced
ones (Fig. 9b and d) are shown. The surface of the unreinforced
cement was smooth, planar and had relatively large fracture
steps or voids (Fig. 9a), indicating low resistance to the applied
force during breaking. The fractured surfaces of the reinforced
cement were rough (Fig. 9b). According to Tian et al. [20], a
rough surface suggests the presence of nanofibers effectively
deflected crack propagation. The rougher surface (Fig. 9b) sug-
gests energy consumption during fracture, and consequently,
enhanced fracture resistance [62]. Indeed, we observed that
even though the sample had been fractured, the nanofibers
remained intact as observed in Fig. 10, a fact also responsible
for minimizing the dispersion of tension and increasing the
strength of the material [56]. Even when the matrix around the
nanofibers (Fig. 9d) is broken, the cotton-wool-like nanofibers
still link the two layers between which they are inserted, which
does not occur in the sample without nanofibers (Fig. 9c), pro-
viding good load transfer between them, which ensures that
the load is transferred to the stronger fiber and this is how the
fiber actually works as a reinforcement [61,63].

No attempts were made to chemically pre-treat the
nanofibers. They were packed during the process and pre-
sented an adequate wetting, which supported the positive
interaction of the fibers with the matrix [11]. However, when
the sol-gel method was used to produce the inorganic-organic
hybrid fibers with a silica precursor, a wet-chemical process
occurred to functionalize the inorganic particles during the
process with the PDLLA, turning it to organofunctional. The
chemistry of the sol-gel process is based on hydrolysis and
polycondensation reactions resulting in the linking of organic
and inorganic sol-gel materials by stable chemical bonds [64].
It has been shown that a strong interaction between the
niobium and silica oxides is established during the sol-gel
process, i.e., it involves the formation of Si—O—Nb bonds. The
Nb—O—Si linkages on the surface were found by the spectra
of approximately 850 cm™ (Fig. 2) formed during the process,
giving rise to the higher structural stability of the SiO,-Nb;Os
system [65]. This explains the enhanced adhesion and disper-
sion of the PDLLA + Ni;Os/SiO; into the U200 shown by Fig. 10d
compared with 10b (U200+ PDLLA-Ni,;Os), which presented

some artifacts on the surface, although it did not influence
the overall results of the mechanical properties. In the EDS
mapping (Figs. 5D and 6E), it was observed that niobium did
not agglomerate within the surface of the nanofibers and it
is important to enhance the interaction between the fibers’
surface and the resin cement.

Fig. 10c shows that the fracture surfaces in fiber-containing
composites also present other fracture patterns with fibers
pulling out of the matrix. Such fracture patterns occur when
the distance between the matrix crack and the end of the fiber
is less than the critical length and the fibers do not fracture
within the matrix. It implies that frictional and interlocking
resistance occurred and resulted in more energy consump-
tion for the fracture to happen [66], as previously observed
in other studies with fibers or whiskers in dental composites
[11,67]. The effect of fiber pull-out provides extra toughening
mechanisms since the pulled-out fibers also assist in bridging
the cracks [21]. The diameter of the fibers plays an impor-
tant role in the mechanical properties of composite resin
materials [13], since nanofibers of lower diameters are more
ductile (average failure strain stayed over 50%) and tougher
[22]. Although nanofibers can be synthetized by different tech-
niques and electro-spinning is the widely adopted method, it
suffers several drawbacks, such as the requirement for spe-
cialized equipment, high electrical potential, and electrically
conductive targets [68]. The SBS expanded the market to over-
come such restrictions of the conventional electrospinning
technique and was able to fabricate non-woven webs of fibers
with diameters in the same size scale as those produced dur-
ing electro-spinning in a rapid way [69].

This is a first exploratory study aiming to understand
the series of events relating to the incorporation of hybrid
nanofibers in dental materials. Some limitations of the present
study are highlighted: (1) we evaluated only the immediate DC
after mixing the base and catalyst pastes but further studies
with this modified self-adhesive resin cement are important
to compare the DC at different times upon irradiance, since
the addition of NbyOs could neutralize the pH of the polymer-
ization kinect reaction, as previously showed when this oxide
was added to bioglass [44]; (2) Although this research focuses
on self-adhesive cements as they have lower mechanical prop-
erties than conventional resin cements [70], a commercial
material was used and, consequently, it is not possible to fully
compare the different categories of the materials as they differ
in the organic matrixes and inorganic compounds. Consider-
ing the promising results we present, and with the knowledge
that hybrid nanofibers have been successfully processed and
offer a promising reinforcement alternative to organic fibers
or fillers, the present outcomes encourage more research with
hybrid nanofibers in the field of dental materials.

Overall, we highlight that incorporating hybrid compos-
ite and inorganic-organic fibers into a self-adhesive resin
cement has shown to be a promising approach to improve
the mechanical properties of dental materials. In addition,
hybrid nanofibers can be embedded using different oxides
and therapeutic ions, presenting both mechanical and bioac-
tive improvements. The addition of nanofibers incorporating
Nb,Os5 powder with and without sol-gel silica increased the
mechanical properties of the resin cement. Owing to the
knowledge that niobium oxide promotes crystal growth and
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biomimetic mineralization of adjacent tissues, further stud-
ies will address it to extend the applications of resin cements
in clinical practice.

5. Conclusions

The incorporation of 1wt.% inorganic-organic hybrid fibers
embedded with niobium pentoxide provided the highest
mechanical properties among all materials tested, which
makes them a potential reinforcing agent for resin cements
and dental materials.
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