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Objectives. This study probes how modifiedapproaches for filler surface treatment in dental
composites based on alternative silanes and functional nanogel additives affects physico-
chemical properties of these materials with a focus on polymerization stress development.
Methods. Nanogels were synthesized from isobornyl methacrylate, ethoxylated bisphenol-A
dimethacrylate and isocyanatoethyl methacrylate followed by partial further reac-
tion with 2-hydroxyethyl methacrylate to provide both isocyanate and methacrylate
functionalization. A barium glass filler (1um particle size) was treated with either
y-methacryloxypropyltrimethoxysilane (MPS), N-methylaminopropyltrimethoxy (MAP) or
N-allylaminopropyltrimethoxy (AAP) silanes. The reactive nanogels were then covalently
attached to the aminosilane-treated fillers. Surface treatment was characterized by thermo-
gravimetric analysis (TGA) and diffuse reflectance infrared spectroscopy (DR-IR). Composites
were formulated with 60 wt% of the various functionalized fillers and the materials were
evaluated for polymerization kinetics, polymerization stress (PS), volumetric shrinkage,
mechanical properties and photorheology. Data were evaluated by one-way ANOVA and
Tukey’s test at 5% significance level.

Results. Filler surface treatments were confirmed by TGA and DR-IR analyses. Nanogel-
functionalized fillers significantly reduced PS up to 20%, while the degree of conversion
and elastic modulus were not compromised. Similar storage modulus development during
polymerization was observed among materials by photorheology although the rate of poly-
merization was significantly increased for nanogel-based treatments. A significant decrease
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dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; DC, degree of conversion.
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in flexural strength was observed for amino functional silane groups; however, there was
no statistical difference in strength for the MPS control group compared with the nanogel-

modified composites.

Significance. Filler surface treatment modified with a reactive nanogel enables significant PS
reduction, without compromise to degree of conversion or mechanical properties of dental

composites.

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

1. Introduction

Composite resins have been used in dentistry as restorative
materials for 50years, with significant improvements over
time. Initially, the majority of advances were focused on the
filler systems to improve composite mechanical properties
and longevity [1,2]. More recently, the focus has turned to the
resin matrix with particular attention to reduce polymeriza-
tion shrinkage and stress, and to improve materials’ resistance
to degradation in the oral environment [3]. The polymeriza-
tion stress (PS) induces early gap formation at the resin-tooth
bonded interface, which can cause post-operative sensitivity,
facilitate staining and bacterial infiltration with the potential
consequence of reduced clinical longevity [4-7]. Furthermore,
PS can cause cusp deflection and cracks on the tooth structure
and the material, which along with degradation may lead to
fracture of the restoration or tooth [8,9].

Among the research strategies devoted to overcome
these issues and improve resin composites performance,
very few studies have focused on the coupling between
the organic resin and inorganic fillers. In composite
materials, fillers are commonly surface treated with -
methacryloxypropyltrimethoxysilane (MPS) to provide a
covalent linkage between both distinct phases. This link is
fundamental to mechanical reinforcement and wear resis-
tance, to slow the degradation process, and to promote stress
transition from the more flexible organic matrix to the very
stiff inorganic fillers [10-12]. However, the surface-bound
methacrylate functional groups from MPS are relatively immo-
bile, which places conformational restrictions on the resin
matrix during polymerization resulting in a build-up of inter-
nal stresses. Likewise, this interface accumulates stress by
itself as the fillers present the lowest compliance in a com-
posite system [13].

A previous study demonstrated the application of flexible
hyperbranched oligomers on the filler surface as an alternative
coupling agent to lower PS of composites when incorporated
with an experimental thiol-yne-methacrylate resin matrix
[14]. Likewise, the use of a thiourethane-modified silane was
also beneficial to reduce the PS of composites via a chain
transfer mechanism [15]. Based on this concept of using the
resin-filler interface not only as a linkage, but also as a source
of compliance to minimize stress development during poly-
merization, here we contemplate the use of amine functional
silanes associated with isocyanate-methacrylate nanogels as
a filler surface treatment. The use of nanogels tethered to
the functional silane surface on a filler provides a physical
extension of the reactive methacrylate groups away from the

surface to interact with the resin matrix. It also provides a
hybrid nanogel-resin interphase due to facile monomer infil-
tration of and copolymerization with the nanogels localized
on filler surfaces. Moreover, nanogels feature potential for PS
reduction when used as additives in the resin [16,17].

Therefore, the objectives of this study were to mod-
ify the filler surface treatment using alternative silanes
and reactive nanogel additives as a means to alter the
physicochemical properties of composites loaded with the
experimentally treated fillers. The hypotheses tested were as
follows: (1) nanogel-functionalized fillers will reduce the PS of
composites and (2) there will be no adverse effect on mechan-
ical properties of composites with nanogel-functionalized
fillers in comparison to analog composites with conventional
methacrylate silane filler treatment.

2. Materials and methods
2.1.  Nanogel syntheses

Nanogels were synthesized by a batch process from isobornyl
methacrylate (IBMA; TCI America, Portland, OR, USA),
ethoxylated bisphenol-A dimethacrylate (BisEMA; Esstech,
Essington, PA, USA), and isocyanatoethyl methacrylate (IEM;
TCI America) at 50:30:20mol ratio. Azobisisobutyronitrile
(AIBN; Sigma-Aldrich, St. Louis, MO, USA) at 1mol% was
used as thermal initiator. Free-radical polymerization was
carried out in solution using 15-fold excess of methyl ethyl
ketone solvent (MEK; Fisher Scientific, Waltham, MA, USA)
at 80°C and a stirring rate of 200rpm. Methacrylate con-
version during synthesis was followed (based on C=C peak
area at 1637 cm~!) in mid-IR spectra (Nicolet 6700, Thermo
Scientific, Waltham, MA, USA) until 60% conversion was
achieved. Nanogels were precipitated from the clear reaction
mixture by dropwise addition into hexanes (15-fold excess;
Fisher Scientific). Resulting precipitates were re-suspended
in dichloromethane (BDH Chemicals, VWR Analytical, Rad-
nor, PA, USA). In order to obtain reactive nanogels capable
of copolymerization with methacrylate resins, 2-hydroxyethyl
methacrylate (HEMA; TCI America) was added to the solution
to partially convert the pendant isocyanate groups to ure-
thane methacrylates. This reaction was conducted at room
temperature for 12 h with a trace amount of dibutyltin dilau-
rate (Sigma-Aldrich) as catalyst. The polymer precipitation
method was repeated, and residual solvent was removed com-
pletely under vacuum until the nanogels were obtained as
dry powders. This step-wise nanogel construction and subse-
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Fig. 1 - Structures of monomers used in the nanogel synthesis. At the first step internally crosslinked nanogels with
chain-end isocyanate functionality is formed. This allows a route for reintroduction of functional methacrylate groups via
the hydroxyl group from HEMA. The final nanogels obtained contain both isocyanate and methacrylate functionalities.

quent functionalization yielded nanogels appended with both
isocyanate and methacrylate groups (Fig. 1).

The nanogels were characterized by single analysis using
triple detector (refractive index, viscosity, light scattering) gel
permeation chromatography (GPC; Viscotek, Malvern Instru-
ments, Malvern, UK) in tetrahydrofuran (MilliporeSigma,
Burlington, MA, USA) using a series of four columns span-
ning molecular weights of 10*-107 with absolute Mw based
on right/low angle light scattering detection calibrated with a
65 kg/mol poly(methyl methacrylate) standard.

Glass transition temperature (Tg) of nanogel (n=2) was
determined by dynamic mechanical analyzer (DMA; Perkin
Elmer 8000, Perkin Elmer, Waltham, MA, USA) by sandwiching
10mg of the bulk nanogel powders in a thin metallic pocket
that was then subjected to single cantilever cyclic displace-
ment of 50 um at 1Hz. The nanogel was heated from 0 to
150°C with tan § data collected in the second cycle of heating
at 2°C/min in air.

2.2.  Filler surface treatment

A bare barium glass filler (1 um, Lot. 161130, Dentsply Sirona,
York, PA, USA) was treated with three different silanes (Fig. 2):
the conventional +y-methacryloxypropyltrimethoxysilane
(MPS; Sigma-Aldrich) as a conventional methacrylate func-
tionalized silane coupling agent, as well as two aminosilanes;
N-methylaminopropyltrimethoxysilane (MAP; Gelest, Mor-
risville, PA, USA) and N-allylaminopropyltrimethoxysilane
(AAP; Gelest), which also contains a pendant vinyl group.
Fillers were treated with 5wt% silane (relative to filler) in
cyclohexane (Sigma-Aldrich) using N-propylamine (Sigma-
Aldrich) at 2wt% as catalyst. The mixture was stirred at
room temperature for 30 min and then at 60+5°C for addi-
tional 30 min at atmospheric pressure and then placed in a
rotary evaporator at 60°C to remove the solvent and volatile
by-products. The fillers were washed with acetone (Sigma-
Aldrich) multiple times to remove any physically adsorbed
silane. The powder was then heated at 95+5°C for 1h, and
finally dried at 80°C in a vacuum oven for 23h.

Pendant methacrylate (MPS) or amine (MAP and AAP)
groups at filler surface were reacted with nanogels. The sec-
ondary amino functional silanes (MAP and AAP) covalently
connect with the isocyanate-functionalized nanogels form-

ing substituted urea linkages. The reaction was confirmed by
proton nuclear magnetic resonance spectroscopy (\H NMR;
detailed methodology described in the Appendix in Supple-
mentary material). For the MPS control filler, the same surface
treatment protocol was used with covalent attachment of the
nanogels likely reliant on isocyanate reaction with surface-
bound silanol groups associated with the MPS coverage. The
application of the functional nanogel to the various silane-
treated fillers was carried out using a filler to nanogel weight
ratio of 1:3 in toluene at room temperature for 4h with a trace
amount of dibutyltin dilaurate. Once again, multi-step ace-
tone washing of the treated fillers was performed to remove
any unbound nanogel, which was then followed by solvent
removal during 24 h storage under vacuum.

Filler surface treatments were identified by diffuse
reflectance Fourier transform infrared spectroscopy (DR-IR;
Nicolet 6700) spectroscopy. Spectroscopic grade KBr (Sigma-
Aldrich) and fillers were ground together and placed in the
DR-IR accessory. Single analysis spectra were taken at 8cm™?
resolution, 64 scans, over the range of 4000-1350 cm 1, using
KBr as background. Thermogravimetric analysis (TGA; Pyris
7 TGA, Perkin Elmer) was used to determine the amount of
silane and/or nanogel on surface of treated fillers. Samples
(5+1mg) were placed in platinum pans in nitrogen atmo-
sphere flow of 20 ml/min and heated from 50 °C to 850 °C with a
heating rate of 10°Cmin~?. The mass loss, which corresponds
to loss of the organic surface coating, as a function of temper-
ature was recorded and normalized to the mass loss profile of
the untreated filler.

2.3.  Resin and composite formulations

A resin blend with bisphenylglycidyl dimethacrylate (Bis-
GMA,; Sigma-Aldrich) and triethylene glycol dimethacrylate
(TEGDMA,; Sigma-Aldrich) at 70:30 mol ratio was formulated.
The photoinitiator system consisted of camphorquinone
(0.3 wt%; Sigma-Aldrich) and ethyl 4-dimethylaminobenzoate
(0.8 wt%; Sigma-Aldrich). Composites were prepared at 60 wt%
loading of either the silane-only treated fillers or the analo-
gous nanogel-functionalized fillers, which were incorporated
to the resins with the aid of a mechanical mixer (DAC
150 Speed Mixer, Flacktek, Landrum, SC, USA) for 5min at
2000 rpm.
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Fig. 2 - Chemical structures of the silane agents.
2.4.  Resin and composite testing and extending beyond the irradiation interval for a total period

Polymerization kinetics was monitored in by Fourier trans-
form near-infrared spectroscopy (FT-NIR, Nicolet 6700) in
specimens (n=3) of 6mm in diameter and 0.8 mm thick lami-
nated between two glass slides. The area of the methacrylate
vinyl absorbance peak centered at 6165 cm™! [18] was used to
follow the real-time polymerization reaction continuously for
10min. Specimens were photo-activated for 20s at an inci-
dent irradiance of 1470mW/cm? at 430-480 nm wavelength
(Elipar DeepCure-S LED, 3M ESPE, St. Paul, MN, USA). Measure-
ments were taken at a wavenumber resolution of 4 cm~! with
32 scans per spectrum acquired for static scans before and
after polymerization to measure degree of conversion (DC) and
2 scans per spectrum for polymerization kinetics, which pro-
vides a data acquisition rate of 2Hz. The polymerization rate
maximum (Rpmax) Was calculated as the maximum in the first
derivative of the conversion vs. time curve.

PS (n=5) was evaluated with a tensometer (Volpe Research
Center, American Dental Association Health Foundation,
Chicago, IL, USA) using 6 mm diameter glass rods. Rods were
sectioned into lengths of 28 and 5mm, in which one sur-
face of the 28-mm long rods was polished with a sequence
of silicon carbide abrasive papers and felt disks in order to
optimize the transmission through the rod end into the spec-
imen during light-activation. The opposite surfaces of the 28-
and 5-mm rods were polished with abrasive papers to create
a rough surface, followed by silane application (Fusion, Taub
Products, Jersey City, NJ, USA. The 28 mm rod were attached
to the lower clamp of the tensometer and the 5mm rods to
the upper clamp. Each material was placed between the rods
with a Centrix syringe at 1 mm thickness. The tip of the light-
curing unit was positioned in contact with the polished lower
rod. Force development was monitored for 10 min from the
beginning of photo-activation (20 s), and the maximum nomi-
nal stress (MPa) was calculated by dividing the maximum force
value recorded by the cross-sectional area of the rods.

Volumetric shrinkage (n=5) was evaluated with a non-
contact linear variable differential transducer-based linome-
ter (Academic Center for Dentistry, Amsterdam, NL). Compos-
ites were placed onto an aluminum disc in the linometer and
covered with a glass slide, which was adjusted to produce
a specimen disc of approximately 1mm thickness x 6 mm
diameter. All specimens were light-activated for 20s. The dis-
placement caused by linear shrinkage during polymerization
was measured and converted to the corresponding volumetric
shrinkage. The dynamic shrinkage data was recorded during

of 10 min.

A rheometer (ARES, TA Instruments, New Castle, DE, USA)
was used to assess the photorheology of the composites (n=2).
Materials were placed between two 20 mm parallel quartz disc
plates and tested in shear at a frequency of 100 rad/s with 10%
strain (ensuring a linear viscoelastic regime), while being pho-
topolymerized at 5 mW/cm?. An optical apparatus [19] allowed
both curing light and FT-NIR direct transmission access to the
specimen within the photorheometer, which provides degree
of conversion concomitantly with storage modulus develop-
ment.

Flexural strength and elastic modulus (n=5) were deter-
mined by the three-point bending test. Bar specimens (n=>5)
were fabricated (2mm x 2mm x 25 mm) between glass slides
and polymerized with three overlapping 20s light exposures
each sides glass side, according to ISO 4049 [20]. Specimens
were stored dry for 24h in dark containers at room tem-
perature. The three-point bending test was performed on a
universal testing machine using a span of 20mm and a cross-
head speed of 1mm/min (MTS Mini Bionix II, MTS, Eden
Prairie, MN, USA). The flexural strength (FS) in MPa was then
calculated as:

Fs)= 231::2

where F represents load at fracture (N), « is the span length,
and b and h are the width and thickness of the specimens,
respectively.

The elastic modulus (E) in flexural was determined from
the slope of the initial linear portion of stress-strain curve.

F3
E= 4bh3d

where F is the load at some point on the linear region of the
stress-strain curve, d the slack compensated deflection atload
F,and (, b, and h are as defined above.

2.5. Statistical analysis

Normal distribution was assessed by Shapiro-Wilk test and
Brown-Forsythe’s method was used to analyze the presence
of equal variance. Data from degree of conversion, Rpmax, PS,
volumetric shrinkage, elastic modulus, and flexural strength
were evaluated using One-way ANOVA tests (factor: compos-
ite, 6 levels). Where appropriate, Tukey post-hoc tests were
applied in order to detect pair-wise mean differences among


https://doi.org/10.1016/j.dental.2019.03.007

932 DENTAL MATERIALS 35 (2019) 928-936

the groups. For all statistical testing, a pre-set, global signifi-
cance level of 5% was used.

3. Results

GPC analysis (Table 1) demonstrates that repeated production
of the functional nanogels produced similar and relatively
narrow distributions of very high-molecular-weight polymer
with discrete particle size of approximately 17 +1nm. The
low Mark-Houwink exponent values indicates the highly
branched, globular structures that are characteristic of these
nanogel materials. DMA (Table 1) of nanogel powders revealed
consistent Tg values of 57-63°C.

The extent of filler surface treatment was estimated
by TGA as 0.8-1.3wt% for silanes, and 2.8-4.7wt% for
nanogel-functionalized fillers (Fig. 3A). The major weight loss
associated with nanogel treatment starts around 250 °C, which
further confirms that nanogels are reacted to the surface. DR-
IR spectra (Fig. 3B) show free silanol groups (3742cm™1) for
the untreated filler, which were effectively consumed after
silanization. Methacrylate carbonyl peak at 1706 cm™! (indi-
cated by *) is present for MPS and all nanogel-functionalized
fillers. Multiple aliphatic peaks (2856-2962 cm 1) are observed
for the MPS coated filler and these aliphatic peaks are
clearly present at significantly higher concentrations follow-
ing nanogel addition to the surface.

Properties results of composites are presented in Table 2.
After 10 min polymerization kinetics evaluation (Fig. 4A), there
was no statistically significant differences among groups for
degree of conversion. Although, the rate of polymerization
(Fig. 4B) was significantly higher for nanogel-functionalized
fillers in comparison with its respective silane-only surface
treatment. Nanogel-functionalized fillers were able to signif-
icantly reduce the PS, with the lowest values found for MPS
and MAP associated with nanogels (Fig. 3C). However, the
filler surface treatment did not affect the observed volumetric
shrinkage (Table 2, Fig. 3D).

Regarding the mechanical properties, flexural strength of
MPS silane and all treatments with nanogel additives provided
significantly higher values, while the amino functional silane
MAP presented the lowest. Nonetheless, the filler surface
treatment did not affect the elastic modulus of the materials.
Real-time photorheology during photocuring demonstrates
similar modulus evolution along with degree of conversion
and polymerization reaction progression for all experimental
composites (Fig. 5A and B).

4, Discussion

The coupling agent between resin matrix and fillers repre-
sents the minor portion of the overall composite formulation;
however, it serves an essential role in achieving the robust
mechanical performance that is demanded of dental com-
posite restoratives. Here, the modification of the resin-filler
interface with amino-functional silanes allowed the con-
trolled introduction of a single layer interphase since the
nanogels offer no interparticle interactions. This nanogel-
derived surface layer contributes negligible dimension to
the overall filler particle size yet, this approach significantly

reduced PS, without compromise to the mechanical proper-
ties of the composites. Therefore, the hypotheses of the study
were accepted.

Nanogel functionalized fillers were able to significantly
reduce the PS compared to the controls with silane treatment
only (Table 2; Fig. 4C). The PS development and its magnitude
are dependent on volumetric shrinkage along with evolu-
tion of elastic modulus, with both properties reliant on the
degree of conversion [21,22]. Notably, there was no significant
decrease in volumetric shrinkage or elastic modulus for the
experimental materials (Fig. 4D; Table 2). Volumetric shrinkage
is determined by the initial concentration of reactive groups
in the composite overall as well as the degree of conversion
reached during polymerization. Since the ratio of resin to the
inorganic component of the filler do not differ substantially
among the groups here, the starting reactive group density is
comparable. This along with the similar levels of limiting con-
version achieved across the series of composites studied here,
means a reduction in shrinkage is not expected. Also related
to this, the equivalence of the elastic modulus results for all
the materials indicates that the polymer network density and
quality is not affected by the presence of the nanogel-modified
filler surfaces (Table 2; Fig. 5). It is worth noting that the Tg of
the bulk nanogels offers a reasonably good match to the Tg
obtained when the BisGMA/TEGDMA resin is photocured to
its vitrification limiting conversion.

Because neither shrinkage nor modulus are altered for
composites with the nanogel-modified filler, we consider that
the introduction of a nanogel interphase provides a stress
relaxation mechanism that operates during the course of
photopolymerization (Fig. 4C). Nanogels are synthesized in a
solution polymerization process, which results in a swellable
structure. Once dispersed in resin, the nanogel polymeric par-
ticles, are swollen by monomer [23], which presumably occurs
whether the nanogels are freely dispersed in the resin phase or
tethered to the filler surface. This means an effective volume
fraction of the monomer-swollen nanogel rather than a sim-
ple calculated volume fraction should be considered, which
may have contributed to the reduction in stress. Addition-
ally, the monomer swollen nanogels function as a transition
phase between the resin and filler in terms of the local reac-
tion rate as well as the evolving Tg and mechanical properties.
These features along with the highly branched structure of the
nanogels may allow compliant interfacial zone during poly-
merization that can internally absorb some of the developing
stress. An important component of this is likely the physical
displacement of the copolymerizable methacrylate groups in
the nanogels away from the filler surface, which would enable
a degree of compliant behavior.

Nanogels were synthesized from a mono-functional
monomer (IBMA) and a di-functional crosslinker (BisEMA),
with addition of IEM to introduce isocyanate functional groups
(Fig. 1). In order to avoid macrogelation and control nanogels
size, a 15-fold excess of MEK solvent was used along with a
restriction of the reaction to 60% conversion. Chain transfer
agents, such as alkyl thiols, are commonly used to help control
nanogel molecular weight and size [17]; however, thiols would
be consumed by the isocyanate groups from IEM and thus,
the chain transfer agent was avoided here. Despite of use of
the higher dilution in the nanogel synthesis as compared with
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Table 1 - Gel permeation chromatographyparameters and glass transition temperature of nanogels.

My (kg/mol) PDI Rh (nm) MH-« Tg (°C)
Batch 1 484.5 1.48 9.08 0.49 57.3
Batch 2 428.8 2.01 8.24 0.23 63.3
Batch 3 400.8 1.99 8.18 0.40 57.9
Batch 4 426.9 1.76 8.45 0.46 57.1
Average 435.2 1.81 8.49 0.40 58.9

Molecular weight (My,), polydispersity index (PDI), hydrodynamic radius (Rh), Mark-Houwink exponent (MH-a), and glass transition temperature
(Tg). GPC data represent single analyses of multiple nanogel batches while the Tg data reported for each batch represent averages of duplicate

runs.
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Fig. 3 - Thermogravimetric analysis displays weight loss of fillers as function of temperature increase. Filler surface
treatment is estimated as 0.8-1.3 wt% for silanes and 2.8-4.7 wt% for nanogel additives (A). Diffuse reflectance spectroscopy
spectra filler surface treatments. The non-treated fillers show the free silanol groups (3742 cm~? peak indicated by arrow).
The methacrylate carbonyl peak at 1706 cm~? (indicated by *) is identified for MPS, MPS ng, MAP ng, and AAP ng. Multiple
aliphatic peaks (2856-2962 cm~1!) can also be observed in higher intensity for nanogel treatments.

Table 2 - Mean (standard deviation) for degree of conversion (DC), maximum polymerization rate (Rpmax), volumetric

shrinkage (VS), polymerization stress (PS), flexural strength (FS) and elastic modulus (EM) of composites.

DC (%) Rpmax (%/5) VS (%) PS (MPa) FS (MPa) EM (GPa)
One-way ANOVA p=0.226 p<0.001 p=0.829 p<0.001 p<0.001 p=0.430
MPS 65.5 (1.1) 11.0 (0.4) be 4.1(0.1) 23(0.1)b 1403 (18.3) a 6.0 (0.5)
MPS ng 64.1(0.6) 13.1(0.3) a 4.1(0.1) 1.7 (0.1)d 132.5 (14.2) a 6.0 (0.8)
MAP 65.1 (0.5) 9.5(0.3)d 4.1(0.1) 2.6 (0.07) ab 82.8 (6.9) ¢ 5.8 (0.8)
MAPng 65.3 (0.3) 11.6 (0.5) be 4.1(0.2) 1.7 (0.1)d 127.2 (13.2) ab 6.2 (0.2)
AAP 65.2 (0.2) 10.7 (0.2) cd 4.0 (0.3) 2.5(0.1) a 107.9 (2.4) b 6.7 (0.7)
AAP ng 64.0 (1.6) 12.4 (1.0) ab 4.1(0.1) 2.0(0.1) ¢ 122.1 (10.6) ab 6.0 (0.8)

Within a column, means followed by the same letter are not statistically different (p>0.05).

previous nanogel synthetic procedures, the molecular weights
of the functional nanogels are approximately an order of mag-
nitude greater than those that can be produced with a chain
transfer agent under much more concentrated reaction con-
ditions. The use of isocyanate nanogel functionality here was
to produce substituted urea linkages through reaction with
the secondary amine functional silanes on the filler surface,
ultimately forming a polyurea-based interphase. Polyureas
are widely used in materials science to produce soft elas-
tomers, rigid thermosets, and foams [24]. Urea linkages have
been found to be more hydrolytically stable than the ester
bonds found in methacrylate structures, which are readily
hydrolyzed in either basic or acidic solutions. The hydrolysis
process diminishes material properties over time and ulti-

mately leads to mechanical failure [25-27]. In this way, this
alternative linkage has potential advantages for application
at the critical filler-resin interface.

Notwithstanding, it is acknowledged that the pervasive
use of methacrylate resins as the resin phase component
of dental composites requires accommodation by coupling
agent. Therefore, methacrylate groups were introduced into
the nanogel structures via partial conversion of the pen-
dant isocyanates through reaction with hydroxyl groups of
HEMA. This provides the nanogels appropriate orthogonal
functionality to covalently attach to the filler while present-
ing direct copolymerizabilty with the resin matrix to promote
proper mechanical properties. However, even when these iso-
cyanate/methacrylate functional nanogels were added to MPS
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silanated fillers, the mechanical properties obtained for the
photocured composites indicate that suitable coupling was
achieved between the filler and matrix phases (Table 2). For
the filler surfaces treated with MPS or AAP that likely provide
residual silane-based vinyl groups as well as to the methacry-
late groups within the tethered nanogel layer, this offers an
additional point of connection with the resin matrix to insure

a strong connection between the composite phases. This is
highlighted by the good mechanical properties observed with
the MPS and AAP silane-only surface treatments (Table 2),
albeit without the benefit of reduced PS that is attributed to
the tethered nanogels. The restoration of mechanical prop-
erties when the non-copolymerizable MAP surface treatment
is modified by appending the reactive nanogel layer provides
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a good demonstration of the filler-bound nanogel interaction
with resin while the good mechanical strength of the AAP-only
filler surface treatment indicates effective copolymerization
between the silanebased allyl groups and the methacrylate
resin.

Furthermore, the final degree of conversion attained was
also unaffected by silane type or nanogel-functionalized fillers
(Table 2; Fig. 4A). However, the presence of nanogels does
provide a significant increase in the photopolymerization
rate (Table 2; Fig. 4B). Previous studies have demonstrated
that the use of nanogel additives dispersed in a monomer
matrix can enhance, reduce or leave polymerization rates
unaltered [16,17]. As compared with neat monomer, the inter-
nal monomer-swollen nanogel domain presents a localized
higher viscosity environment, particularly with the highly
branched nanogels used here. Therefore, when polymeriza-
tion is initiated, depending on the amount of nanogel added,
varying proportions of monomer will be in this more mobility-
restricted state and the overall auto-acceleration behavior
would also vary accordingly [16,28].

The viscoelastic behavior of the material characterized by
its resistance to flow in the initial stages of the reaction, is also
an important factor for stress development [21,22]. Despite
the differences in polymerization rate, the rheology during
polymerization was not affected, as demonstrated by stor-
age modulus acquirement over time as well as in terms of
degree of conversion (Fig. 5). The effect of low amounts of
nanogels in resin viscosity is minimal as is typically observed
for globular hyperbranched or dendritic polymeric additives
[17]. Likewise, no obvious differences in handling character-
istics were noticed here for the experimental and control
composites. Moreover, the final storage modulus acquired cor-
roborates with results from the three-point-bending test, in
which no differences in final modulus were observed between
groups (Table 2).

Herein we evaluated filler surface modification with 1 pm
glass fillers only, while modern dental composites are mul-
ticomponent mixtures of fillers with a distributed range of
sizes. Further studies should check the proposed surface treat-
ment that include fumed silica or other nano-scale particles,
which feature a greater surface area and offer features such
as enhanced filler packing and wear resistance. As men-
tioned, approaches that provide surface-active nanogels of
even smaller dimension (<10nm) would also be of interest.
The current combination of amino silanes with isocyanate
nanogels may provide a more reliable stable interface between
filler and resin matrix; however, longer-term studies regard-
ing hydrolytic and mechanical stability of both the modified
silane-based interfaces and the nanogel-based interphases
need to be carried out.

5. Conclusion

Filler surface treatment modified with reactive nanogels
enables the potential for a significant reduction in PS, without
compromise to degree of conversion or physical/mechanical
properties of photocurable dental composites. The production
of this substantial stress reduction based on a relatively small
nanogel content located exclusively at the filler surface, high-

lights the potential of this intentionally engineered resin-filler
interphase region in heterogeneous composite materials.
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