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Objectives. Despite decades of development and their status as the restorative material of

choice for dentists, resin composite restoratives and adhesives exhibit a number of short-

comings that limit their long-term survival in the oral cavity. Herein we review past and

current work to understand these challenges and approaches to improve dental materials

and  extend restoration service life.

Methods. Peer-reviewed work from a number of researchers as well as our own are sum-

marized and analyzed. We  also include yet-unpublished work of our own. Challenges to

dental materials, methods to assess new materials, and recent material improvements and

research directions are presented.

Results. Mechanical stress, host- and bacterial-biodegradation, and secondary caries forma-

tion  all contribute to restoration failure. In particular, several host- and bacterial-derived

enzymes degrade the resin and collagen components of the hybrid layer, expanding the

marginal gap and increasing access to bacteria and saliva. Furthermore, the virulence of

cariogenic bacteria is up-regulated by resin biodegradation by-products, creating a pos-

itive feedback loop that increases biodegradation. These factors work synergistically to

degrade the restoration margin, leading to secondary caries and restoration failure. Signifi-

cant progress has been made to produce hydrolytically stable resins to resist biodegradation,

as  well as antimicrobial materials to reduce bacterial load around the restoration. Ideally,

these  two approaches should be combined in a holistic approach to restoration preservation.
Significance. The oral cavity is a complex environment that poses an array of challenges

to  long-term material success; materials testing conditions should be comprehensive and

closely mimic pathogenic oral conditions.
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.  Dental  materials

he oral cavity is a complex environment and presents many
nique challenges for dental restorative materials. Tradi-
ionally, modern resin tooth-coloured restoratives have been
ightfully designed with a focus on their mechanical and aes-
hetic properties while remaining easy for practitioners to
lace. In the meantime, research has uncovered a growing
umber of factors within the oral cavity that degrade and
ompromise these restorations, limiting their service life. This
ncreasing understanding of the nature of the challenges pre-

1.1.  Resin  composite  restorative  materials  and  their
clinical  performance

1.1.1.  Resin  composites
Over the last 50 years resin composite restorations have
become by far the most common material for treating den-
tal caries [1]. Their ease of application, variety of use-cases,
and aesthetic tooth-colour matching capability, as well as
concerns over the safety and environmental impact of mer-
cury amalgam restorations, have propelled these materials to
the forefront of restorative dentistry [2–4]. Resin composite
restoratives broadly consist of a cross-linked polymer matrix
ented to dental restorations has allowed the development of
 number of materials adapted to this environment, with the
im of producing dental restorations that function as close as
ossible to natural teeth for the patient’s lifetime.
and a solid particulate filler at 60–80% by weight [5]. The

material remains malleable until the matrix is polymerized,
via a blue light (480 nm)  and photoinitiator system or a sec-
ond chemical initiator system added to the composite at the

https://doi.org/10.1016/j.dental.2018.09.013
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time of application [6]. Composite restorations are typically
applied in conjunction with a resin adhesive system, allowing
for chemical, micromechanical, and macro-scale interlocking
with the tooth [7].

1.1.2.  Chemical  formulation  and  composition
Resin composite restoration chemical formulations have
varied little since their inception. In most systems, methacry-
late monomers are utilized, undergoing a radical vinyl
polymerization [8]. These methacrylate monomers include
rigid di-methacrylate crosslinking monomers to stabilize the
resin matrix, as well as diluent mono- and di-methacrylate
monomers to ease in handling and, in some cases, decrease
hydrophobicity of the resin during bonding to dentin [4,9–11].
Methacrylate monomers include a side-chain or crosslink-
ing bridge connected via an ester linkage. Common bridging
groups include bisphenol-related molecules such as 2,2-bis
[4(2-hydroxy-3-methacryloxypropoxy)- phenyl]propane (bis-
GMA, Fig. 1), which allow stacking of pi bonds between
monomers, resulting in a very rigid structure. Other common
bridging groups include glycols such as those in the monomer
triethylene glycol dimethacrylate (TEGDMA) to act as a dilu-
ent [12]. However, these diluent monomers also increase water
sorption via their increased hydrophilicity, potentially degrad-
ing long term stability [6].

Composites, by definition, also include a solid phase filler
system, usually silica, quartz, or ceramic, adding a high degree
of compressive strength to the composite as well as controlling
the material’s aesthetic properties and reducing polymeriza-
tion shrinkage [5,6]. These filler particles come in a variety of
sizes and shapes, usually a larger microscale (approximately

1 �m)  irregular shaped ground glass, and a smaller nanoscale
(1–100 nm)  colloidal particle to fill interstitial space [4]. Balance
between two sizes of filler will determine the malleability of
the unpolymerized system, with the higher surface area-to-

Fig. 1 – Chemical structure of bisGMA, T
 5 ( 2 0 1 9 ) 36–52

volume ratio of smaller particles increasing viscosity greatly.
Overall filler particle load will also determine the performance
of the final material, with most systems including 60–80% wt.
filler [5]. These particles usually include surface-bound silane
crosslinkers such as 3-methacryloxypropyltrimethoxysilane
(gamma-MPS, Fig. 2) to provide a reaction site for the polymer
matrix in the form of a methacrylate vinyl group, chemically
bonding the filler particles to the material through its silane
group [14].

1.1.3.  Restoration  adhesion  by  resin  adhesives
Dental resin adhesives chemically and micromechanically
bind the bulk of the restoration (the resin composite) to
dentin and enamel, and critically effect the performance
of the restoration [7,15–19]. Dental resin adhesives are
chemically similar to resin composites, enabling them to
chemically bond and polymerize with the restoration bulk.
Use of photopolymerized or self-polymerizing mono- and
di-methacrylate monomer adhesives is widespread, as the
ability of hydrophilic mono-methacrylate monomers such as
hydroxyethyl methacrylate (HEMA) to penetrate demineral-
ized dentin and polymerize with bisGMA results in a tight
micromechanically intertwined “hybrid layer” [12,20,21].

Types of resin adhesive are distinguished mostly on their
mode of application, number of steps involved, and suitabil-
ity of various bonding substrates (Fig. 3). “Total-etch” systems
use a separate demineralizing acidic gel to prepare the cav-
ity surface, by demineralizing the tooth structure to expose
a network of dentin collagen fibrils [7,22]. This acidic gel is
washed out with water, hence the alternate term for these sys-
tems is “etch-and-rinse”. Following this a hydrophilic primer

monomer is applied to penetrate the collagen network, fol-
lowed by a more  hydrophobic adhesive that is chemically
similar to the polymer matrix component of resin composites,
such as bisGMA.

EGDMA and UDMA monomers [13].

https://doi.org/10.1016/j.dental.2018.09.013
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Fig. 2 – Common silane filler coupling ag

Some systems combine the primer and adhesive into a
ingle bottle in a two-step “total-etch” system. “Self-etch” sys-
ems utilize acidic monomers or acidic primer solutions to
ombine the etch stage with primer or adhesive application
n either a two-step prime-and-bond system or an all-in-one
tch-prime-bond adhesive [7]. These systems do not require
insing of the acidic primer-adhesive. The obvious advantage
f combining bonding steps is increasing convenience, which
ay be especially important in difficult-to-access lesions,

owever these systems are generally considered inferior to
otal-etch systems [23]. One-bottle self-etch systems seem
articularly inferior, with bond-strengths significantly lower
han other systems even without aging [7]. The hydrophilic-
ty of these systems and high solvent content may lead to
nadequate bonding to the composite and the formation of
oids, while their low pH may interfere with polymerization
f subsequent resin composites bulk [24].

.1.4.  Clinical  performance
esin composite restorations have remained popular despite

erformance and outcomes worse than amalgam restora-
ions. About 70% of all resin composite restorations placed
re replacements for failed resin restorations, with 5- to 7-
ear average lifespans, while amalgam restorations typically

ig. 3 – Schematic of self-etch and total-etch adhesive systems. T
entinal tubule (T) penetration by adhesive are displayed.
 used in dental composite materials [14].

last twice this [1,25–28]. Types of failure include restoration
fracture, discolouration, failure of the bond to the tooth, and
secondary or recurrent caries. This behaviour is in contrast
with amalgam restorations, where failures typically include
tooth fracture or secondary caries. High annual failure rates
(up to 12.9%) primarily due to secondary caries have been more
recently confirmed in an extensive review by Chisini et al. [29].

1.1.5.  Secondary  caries
A leading cause of resin composite restoration failure, at 55%,
remains secondary caries, or caries occurring at the interface
between a previous restoration and the remaining tooth [25].
Caused by the demineralization and decomposition of tooth
structure by bacterial acid production, secondary caries may
result in staining and pitting around the restoration, or larger
lesions underneath the restoration away from the surface that
may compromise the mechanical integrity of the restoration
[30–33]. Treatment includes the removal of the restoration
Repeated treatment in this manner weakens the remaining
tooth structure and may eventually necessitate more  complex
treatment modalities such as root canal therapy, or eventually
result in loss of the tooth [22,34–37].

he differences between hybrid-layer (HL) thickness and

https://doi.org/10.1016/j.dental.2018.09.013
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2.  The  challenge  of  degradation  in  the  oral
cavity

2.1.  Mechanical  degradation

Teeth, and by extension restorations, experience a significant
mechanical stress in the oral cavity. Thermocycling during
food and beverage consumption, abrasion during cleaning,
and mechanical stresses during mastication are the most
common [10,38,39]. From their inception, resin composite
restorations have been designed mostly around these consid-
erations; the performance of the materials is assessed based
on the ease of application, and its ability to withstand these
forces and mechanically function similarly to a tooth. Most
of the design considerations made during the development
of these materials have addressed the mechanical challenges
faced and ensure proper performance. As such, mechanical
performance of adequately bonded and placed modern resin
composite restorations is generally acceptable [14].

2.2.  Chemical  and  biochemical  degradation

2.2.1.  Chemical  degradation  of  resin  monomers  and
polymers
The chief material challenges faced by resin composite
restorations currently are chemical- and bio-degradation of
the materials over extended periods of time [7]. Although
much of the physical testing described above utilizes a rela-
tively inert environment, the oral cavity is chemically complex
and bioactive, and resin composite restorations are exposed
to a significant number of agents that attack their compo-
nents. In modern di-vinyl resin monomers, the weak point
is frequently the ester linkages attaching the methacrylate
end-groups to the structurally important crosslinking bridges
[10,16,40–43]. Hydrolysis of these ester bonds results in the
degradation of the resin matrix, increasing water sorption
and continued degradation. Hydrolysis may be catalyzed and
accelerated via several enzymes present in the oral cavity,
with human and bacterial sources [40,41,44,45]. Continued
breakdown of restoration resin matrix results in a decrease in
material strength, as well as an increase in bacterial activity
at the restoration via a number of pathways, that subse-
quently increases over-all risk of secondary caries formation
and restoration failure [16,41,43,46].

2.2.2.  Short-term  elution  of  unreacted  monomers
Resin composites contain a relatively high amount of unre-
acted monomers after curing the restoration. About 25–50%
of monomer vinyl groups remain unconverted, leading to
the release of unreacted monomers that have no reacted
vinyl groups in the first few hours and days after restora-
tion placement via diffusion from the restoration [47,48]. The
rate of diffusion of these monomers from resin composites is
dependent on the elution media used and the monomers’ sol-
ubility in the media [48]. Common in vitro experimental media
includes buffers, pure water alone, and organic solvent, which

are not representative of the complete chemical environment
in the oral cavity. Once unreacted monomers are leached by
these test media, there is little degradation of the remaining
polymerized matrix [48].
 5 ( 2 0 1 9 ) 36–52

2.2.3.  Long-term  enzymatic  degradation
In contrast to the short-term challenge of unreacted
monomers, the oral cavity environment possesses the abil-
ity to continually degrade most dental resins, leading to a
continuous long-term release of degradation by-products. The
ester bonds in several common dental resin monomers, such
as bisGMA, TEGDMA, and urethane dimethacrylate (UDMA),
are susceptible to hydrolysis in saliva. This degradation leads
to a loss of material mass, decreased surface hardness, and
increased wear [49]. Degradation is increased further by the
presence of unreacted vinyl groups and a low degree of con-
version in dental resins. In these low-conversion materials,
there is a larger population of crosslinking monomers with
only one of two vinyl groups converted, and therefore only
the single converted group needs to be hydrolyzed to release
the structurally important cross-linking bridge [45].

2.2.4.  Hydrolase/esterase  activity  in  the  oral  cavity
Human saliva is a complex media with a wide array of chem-
icals and molecules from several sources, fulfilling a number
of different roles in the oral cavity. Human saliva has been
shown to contain a variety of hydrolase activities, with the
most important in relation to restorative resins being hydro-
lases and esterases. These have a number of sources, from
human gingiva, salivary glands, immune cells, as well as
the multitude of bacterial species in the mouth [10,50,51].
These esterases cleave the vulnerable ester linkages in many
common dental resins, accelerating the biodegradation of
these materials [49,52,53]. Esterase activity in human saliva
has been characterized as cholesterol esterase-like (CE) and
pseudocholinesterase-like (PCE), released in part by normal
as well as inflamed gingiva [54,55]. These two esterases show
strong ability to degrade bisGMA, TEGDMA, HEMA, and other
ester-containing monomers in dental resins.

The overall hydrolytic activity in human saliva has been
defined in terms of its CE-like and PCE-like activity towards
known substrates. In this case, para- and ortho-nitrophenyl
butyrate or acetate, and butyrylthiolcholine iodide (BTC) may
be used as colorimetric substrates for CE- and PCE-like activ-
ities in saliva [55]. By utilizing various side-chain lengths and
positions, stoichiometric preferences of the hydrolase activity
in whole saliva may be determined. For instance, although bis-
GMA is readily hydrolyzed by CE, urethane-modified bisGMA
shows significantly higher hydrolytic stability in the presence
of hydrolases, owing to the protection offered to ester bonds
by hydrogen bonding urethane groups [42,56]. Saliva has been
found to have strong hydrolase activity, and a preference for
para-nitrophenyl butyrate and some activity towards BTC.
From this, simulated human salivary esterase (SHSE) may be
used to mimic  saliva’s hydrolytic activity in long term in vitro
studies more  consistently than collecting saliva from donors
[46]. This is achieved by combining known activity levels of
CE and PCE to match the activity of saliva measured against
specific substrates.

2.3.  Measuring  resin  degradation  via  quantification  of

by-products

To characterize the magnitude of biodegradation of restora-
tive materials, techniques to quantify enzyme activity, the

https://doi.org/10.1016/j.dental.2018.09.013
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reakdown of dental resins, and the release of biodegrada-
ion by-products have been developed. The most common

ethod to identify and quantify these by-products is liquid
hromatography and UV absorbance, sometimes combined
ith mass spectrometry (LC or LC–MS), with methods

ummarized by Santerre, Jaffer and Shajii [10,44,57]. Bis-
MA  is a common hydrophobic monomer present in many
ommercial resin composite and adhesive systems, and
hus its esterase biodegradation by-product, 2,2-bis[4(2,3-
ydroxypropoxy)phenyl]propane (bisHPPP) is a popular target
olecule for quantification. Triethylene glycol (TEG), the by-

roduct of TEGDMA breakdown, is also useful but more
ifficult to detect due to its lack of strong UV absorbance
or LC only systems. Methacrylic acid (MA) produced by
leaving unreacted end groups from monomers may also be
etected, but its detection in incubation media from biodegra-
ation studies is limited due to evaporation. Since MA is
roduced only by unreacted monomers, its present can-
ot be regarded as a good representative of resin matrix
egradation [42,48,55,58]. The detection of these monomers’
ono-methacrylate derivatives is also possible. The produc-

ion of biodegradation by-products by saliva, CE and PCE has
een studied in vitro in the months following polymerization.
mounts of both unreacted monomers and production of by-
roducts is high at first, and decreases with time, reaching

 pseudo-equilibrium as unreacted monomer is consumed
y enzymes, and the degradation of the polymer surface
ecomes the primary substrate [58]. Although degradation
y-products have been identified in samples incubated with
on-enzymatic buffer, their levels were significantly lower

han when esterase was present. These studies represent
 direct demonstration of the significant hydrolytic activity
resent in the mouth, and the susceptibility of certain resins
o this type of degradation.

.4.  Biodegradation  of  the  restoration-tooth  interface

.4.1.  Restoration  bulk  vs  interface
he degradation of restorative materials affects different parts
f the restoration in distinct ways. The majority of the restora-
ion surface area is composite, exposed to the oral cavity,
nd fulfilling an aesthetic and masticatory role [6]. As such,
he degradation of this surface may roughen the surface of
he material, and the released degradation by-products could
ffect oral bacteria [59,60], but is unlikely to cause a catas-
rophic failure of the restoration. Increased porosity from the
egradation of the restoration surface may, however, lead to

ncreased staining.
In contrast, the degradation of the restoration margin,

here an adhesive system is applied, may cause a critical
ailure of the whole restoration (fracture, detachment, or sec-
ndary caries) [7,15–17]. The microgap formed at this interface
y contracting resin matrix during polymerisation was shown
o be widened by the enzymatic erosion of the adhesive sur-

ace, leading to increased saliva and bacterial penetration,
ndesirable staining of the restoration margin, and increased
isk of secondary caries development [16,61]. Further, the
egradation of the hybrid layer interface may weaken the over-
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all bond to the tooth and lead to fracture and loss of the
restoration [43,46].

2.4.2.  Collagenase  and  gelatinase  activity  in  human
dentin
Dentin contains several collagen-degrading factors that may
be released or activated by the bonding procedure during
restoration and may degrade the remaining demineralized
tooth structure [62,63]. This includes the collagenase matrix
metalloproteinase-8 (MMP-8), which unwinds collagen fibrils
and hydrolyzes their alpha chains [62,64]. Dentin also con-
tains the gelatinases MMP-2 and -9 [65,66]. This activity has
been extensively shown to alter the morphology of collagen
fibrils within the bond hybrid layer [67]. This may modulate
the fracture toughness and interface stability in vivo, however
isolating the effects of dentinal MMPs in the presence of other
aggravating factors such as bacterial, environmental, and host
effects remains difficult [46,68–70].

2.4.3.  Salivary  esterase  and  MMP  biodegradation  of  the
resin-dentin  interface
The restoration-tooth interface and the adhesive applied there
is exposed to significant stresses not present elsewhere in
the restoration [7,63]. The effects of various degrading fac-
tors on the restoration interface, fracture toughness, and
mode of mechanical failure have been studied at length by
our group and others [43,46,71–73]. Utilizing human dentin-
adhesive-composite miniature short rod (mini-SR) specimens,
restoration bonds may be produced, incubated, loaded and
fractured in a repeatable and predictable manor, represent-
ing an improvement over traditional microtensile strength
testing. Shokati et al. [43] demonstrated the effect of human
salivary derived esterases (HSDE) more  broadly on the fracture
toughness of the resin-dentin bond using mini-SR specimens.
Within 6 months, specimens exposed to HSDE showed a sig-
nificant decrease in fracture toughness compared to those
incubated in buffer alone, demonstrating the importance of
hydrolytic stability and biodegradation on the restoration [43].
A follow-up study using SHSE [46] demonstrated that the
mode of fracture for these specimens’ changes over time and
depends on the adhesive system used (self- or total-etch,
demonstrated in Fig. 4). The fractured area tends to progress
into the resin with self-etch systems over time, suggesting a
vulnerability of the resin to degradation. In contrast, total-etch
bonded specimens’ failure occurred in the resin at first, and
progressed into the dentin with increased incubation period,
suggesting a weakening of the tooth structure or hybrid layer
after restoration. The effect of an additional MMP  inhibitor
(galardin) was also investigated in this study. MMP  inhibition
appeared to modulate the degree of fracture plane area in the
hybrid layer, increasing or decreasing this area depending on
adhesive type, incubation media (esterase- or non-esterase
containing) and incubation time, suggesting that dentinal
MMPs may play a role, though minimal, in causing restora-
tion weakening and eventual failure and with no clear overall
trend observed.
The presence of biodegradation by-products may also influ-
ence the action of enzymes. In one such example, the presence
of leached unreacted bisGMA and TEGDMA and their degra-
dation by-products increased the activity of MMP-8 and -9

https://doi.org/10.1016/j.dental.2018.09.013
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towards test substrates [74]. TEGDMA may also increase the
activity of MMP-2. This has implications for adhesive and resin
composite design, as low conversion rates lead to the release
of these monomers. When trapped at the restoration-tooth
interface, leached monomers not broken down by hydrolases
may increase the activity of MMPs  in dentin at the hybrid layer
and affect the strength of the bond.

2.5.  Resin  composite  biodegradation  and  interactions
with bacteria

2.5.1.  Bacterial  infiltration  and  marginal  gap  widening
The breakdown of the resin-dentin interface does not only
pose a mechanical challenge but may significantly affect the

ability of bacteria to infiltrate this interface. The breakdown
of dental adhesive and resin composite polymer matrix and
subsequent erosion of these materials widen and deepen
the restoration marginal gap, allowing deeper bacteria pen-

Fig. 4 – The effects of long-term incubation in esterase-containin
composite-adhesive-dentin bonded specimens, adapted from da
Note the movement  of the fracture plane (dotted line) over 180 d
different exposure of resin tags within dentinal tubules (T). Repr
 5 ( 2 0 1 9 ) 36–52

etration. Kermanshahi et al. [16] demonstrated the effects
of CE and PCE simulated salivary degradation on an ex vivo
restoration, bonded using total-etch adhesive. An image  of
a restoration marginal gap with bacteria is shown in Fig. 5.
Number and depth of penetration of the cariogenic bacte-
ria Streptococcus mutans was monitored. Penetration increased
with incubation time in hydrolytic media, while little effect
was observed with buffer alone.

Further study on the effect of biodegradation on bacterial
ingress in the restoration margin was carried out by Huang
et al. [68], using total-etch or self-etch adhesive systems,
with or without SHSE and the MMP  inhibitor, galardin. The
results corroborated those by Kermanshahi et al. by demon-
strating higher bacterial penetration in the simulated esterase
environment. Furthermore, total-etch samples showed lower

bacterial biomass at the restoration margin than self-etch
after 90 days of SHSE biodegradation, while MMP  inhibition
reduced ingress in total-etch samples but not self-etch sam-

g media on the fracture mode of
ta first provided by Serkies et al. and Shokati et al. [43,46].
ays through the hybrid layer (HL) and adhesive, with
esentative SEM micrographs are provided.
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Fig. 5 – Confocal images of as prepared (A) and 90-day SHSE degraded (B and C) restoration margins, at various z-depths
from the restoration margin edge, infiltrated with live S. mutans (stained green) [16]. Resin adhesive appears at the top of the
gap, with dentin on the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to
t
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les. These results show the importance of bonding mode and
esin chemistry on biodegradation and its effect on bacterial
enetration. It also demonstrated the contributing factor of
MPs  on margin degradation and bacterial penetration for

otal-etch systems. These factors may therefore be important
n secondary caries formation [34].

.5.2.  Resin  composite  degradation  by-products  affect
acterial  virulence  factors
n addition to allowing further penetration of cariogenic
acteria, the biodegradation of resins has significant biochem-

cal effects on pathogenic bacteria. Numerous past studies
ave demonstrated concentration-dependant effects of resin
onomers and biodegradation by-products on the prolifera-

ion and virulence of cariogenic bacteria [75–77]. Singh et al.
emonstrated that although bisHPPP may be able to slightly

nhibit the growth of S. mutans, at physiologically relevant con-
entrations, this by-product upregulated gtfB and yfiV genes,
irulence factors contributing to S. mutans’ attachment to
mooth surfaces and survival in low-pH environments respec-
ively [78].

Further to these studies, Sadeghinejad et al. demonstrated
n a pair of studies the effects of TEG and bisHPPP on several
. mutans virulence factors and the effect environmental pH
as on regulation [59,60]. The presence of TEG at physiologi-
ally relevant concentrations greatly increased the abundance

f proteins associated with caries formation, including those
elated to biofilm formation, carbohydrate transport and acid
olerance. The effect was most pronounced at the acidic pH
f 5.5 and in the biofilm growth mode. Similarly, the upregu-
lating effects of bisHPPP was greatest at pH 5.5 and in biofilm
growth mode. These studies suggest the existence of a posi-
tive feedback loop for cariogenic and biodegradative bacteria,
where the breakdown of resin polymers leads to increased car-
iogenic activity of the biofilm, increased bacterial proliferation
and penetration, and therefore increased biodegradation.

2.5.3.  The  role  of  S.  mutans  in  biodegradation
Bourbia et al. studied the effects of S. mutans on resin compos-
ite restorative materials and adhesives and observed a level of
degradative activity comparable with human saliva [41]. Spec-
imens were photocured and incubated with several strains of
S. mutans, and bisHPPP production from the degradation of
cured materials was monitored over 30 days. At 30 days the
levels of bisHPPP production were significantly higher in S.
mutans-containing media with Z250 composite and Easybond
self-etch materials, but not the total-etch Scotchbond. These
results highlight that in addition to acid production, cariogenic
bacteria possess esterase activity in levels that could degrade
resin composites and adhesives.

S. mutans’ role in biodegradation was further investigated
by Huang et al. [51,61,79]. In this work, the genome of S.
mutans UA159, a clinically-relevant cariogenic strain (that had
its genome mapped by Ajdić et al. [80]) was searched for poten-
tial esterases. Out of several putative esterases, SMU  118c,
a 280 base esterase, was chosen for investigation due to its

high likelihood of degradative activity towards methacrylate
resins. Using the aforementioned nitrophenyl substrates to
construct an activity profile, the enzyme showed significant
preferences toward para-nitrophenyl butyrate (p-NPB) under

https://doi.org/10.1016/j.dental.2018.09.013


 l s 3
44  d e n t a l m a t e r i a

both neutral and acidic environments, similar to the whole
bacterial cell activity profile measured by Bourbia et al. [41].
SMU 118c showed a high degree of stability by maintaining
its activity for over 20 days under both neutral and under
acidic cariogenic conditions, and demonstrated a very strong
ability to degrade bisGMA in its monomer form as well as
in commercial composite and adhesive resins. Correspond-
ingly, specimens incubated with S. mutans UA159 wild type
released large amounts of bisHPPP and showed clear signs of
surface erosion after 30 days [61]. In contrast, SMU 118c knock-
out (KO) strain of S. mutans UA159 lost most of its degradative
activity toward polymerized composites vs.  the wild type. A
complemented strain, where the SMU  118c gene was restored,
regained its degradative ability. The above confirmed the role
of SMU  118c esterase from this species in the degradation of
dental composites.

2.5.4.  Effect  of  bacterial  biodegradation  on
restoration-tooth  bond  strength
With the effect of biodegradation on dental restoration bond
strength well established, as well as the degradative capa-
bilities of several species of bacteria, it follows that bacteria
should exhibit some capability to degrade the bond strength
of dental restorations, not just by acids, but also by their
degradative enzymes. Adebayo et al. analysed mini-SR frac-
ture toughness specimens bonded with either a total- or
self-etch system after incubating with S. mutans UA159 wild
type and SMU  118c KO for up to 90 days [81]. S. mutans

wild type was able to significantly degrade the interfacial
fracture toughness of specimens bonded using total-etch
adhesive after 30 days, when compared with both non-
incubated samples, samples incubated in bacteria-free media

Fig. 6 – Schematic of resin degradation by bacterial esterase and
created. Adapted from Huang et al. [61].
 5 ( 2 0 1 9 ) 36–52

alone or the SMU  118c KO strain, confirming the role of S.
mutans whole cell and specifically the SMU 118c esterase in
the biodegradation. This reduction in bond strength of the
total-etch systems by this strain but not self-etch systems
is in contrast to previous results showing increased bacterial
bisHPPP production from self-etch adhesive over total-etch
adhesive. Therefore when assessing performance, degrada-
tion of the restoration-tooth interface as a whole, and not of
bulk adhesive material, may provide more  clinically-relevant
assessment of the adhesive. Other factors beyond esterase-
catalyzed enzymatic biodegradation of the bulk are affecting
bond strength. Bacteria produce many  degradative factors
including hydrolytic enzymes, collagenases, and acid through
fermentation, and therefore likely degrade all components of
the restoration-tooth interface [82].

2.5.5.  The  cyclic  effect  of  resin  composite  biodegradation
product  on  a  cariogenic  bacterium  degradative  esterase  gene
expression  and  protein  synthesis
Just as exposure to biodegradation by-products increased the
expression of several virulence factors of S. mutans, expo-
sure to bisHPPP was shown to upregulate the expression of
SMU 118c in wild-type UA159 [61]. This effect is summarized
in Fig. 6. Through the use of fluorescence in situ hybridiza-
tion (FISH), the expression of SMU 118c gene was observed
at several physiologically relevant concentrations of bisHPPP
in S. mutans biofilms. Above 0.1 mM bisHPPP there was a sig-
nificant increase in expression. In addition to the increase in

the expression of the SMU 118c gene, the presence of bisHPPP
resulted in an increase in the synthesis of the SMU 118c pro-
tein, suggesting another positive feedback loop of virulence of
the bacteria described above, where the biodegradation of the

 the by-product/esterase activity positive feedback loop

https://doi.org/10.1016/j.dental.2018.09.013
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Fig. 7 – Schematic summary of the various challenges faced
by resin dental restorations.
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aterials is increased by bacterial esterase, and the resultant
iodegradation by-product increases the amount of bacterial
sterase that is responsible for this degradation. This could
rovide a possible explanation for the increase in resin com-
osite restoration failure compared with amalgam and add
nother layer of complexity to proper assessment of dental
aterials.

.5.6.  Esterase  and  protease  activity  of  endodontic
athogenic  bacteria
lthough S. mutans is one of the leading bacteriological con-

ributors to acid production and caries, it is not the only
acterial species that may contribute to the degradation
f dental materials through enzyme production. Marashdeh
t al. [83] carried out several studies on Enterococcus faecalis,
n oral bacterial species commonly associated with persis-
ent endodontic infections, and as such likely also interacts
ith the coronal component of restorations and may have rel-

vance to the biological interactions of restorative materials.
. faecalis was incubated with colorimetric assay substrates p-
PB and BTC and demonstrated significant CE-like hydrolase
ctivity. Furthermore, when incubated with resin composite,
nd self- and total-etch adhesives, E. faecalis produced sig-
ificant amounts of bisHPPP, demonstrating effectiveness at
egrading common restorative resins. In another study [82],
ollagenase activity was also detected from E. faecalis and
icrococcus luteus.  Bacteria incubated with generic and specific
uorometric collagenase assays showed significant MMP-1,
, 8, and 9 -like activity, as well as hydroxyproline produc-
ion when incubated with human dentin. SEM examination
f dentin post-incubation showed visible evidence of degra-
ation of the collagen fibril network. This activity was as
igh as 50-times that seen from endogenous dentinal or sali-
ary MMP  activity, suggesting bacterial breakdown of dentinal
ollagen at the restoration-tooth interface may be more  signif-
cant to bond preservation than these host-derived activities.
hey also show that biodegradative activity relevant to resin
estoratives and the restoration-tooth interface is not unique
o S. mutans. Indeed, it is likely that other pathogenic species
ossess hydrolytic and collagenolytic activity able to compro-
ise restorations and the tooth structure.

.6.  Summary  of  challenges  faced  by  dental
estorations

ental resin composite restorations, especially the critical
estoration-tooth interface where an adhesive is applied, face
umerous challenges that limit their service life (Fig. 7).
he mechanical challenges these materials face are well
nderstood, but research has identified the effects of many
iochemical factors. Materials face biodegradation from host
ources including salivary hydrolase activity and dentinal
MPs  degrading hybrid layer collagen. Extrinsic degrada-

ion by oral bacteria, especially cariogenic and endodontic
athogens, degrade restorative materials and remaining
ooth. Finally, the virulence of these bacteria is increased by

estoration biodegradation by-products, creating a positive
eedback loop that results in increased degradation. Restora-
ion margin biodegradation creates an ideal environment for
acteria to proliferate, releasing acid and leading to the forma-
tion of secondary caries, thus providing a possible explanation
to the higher rate of recurrent caries around these restora-
tions.

3.  Current  work  to  reduce  biodegradation
and  secondary  caries

3.1.  Strategies  to  address  clinical  problems  with  resin
restorative  materials

There has been a great deal of research over the last 30 years in
addressing the challenges to longevity faced by resin compos-
ite restorations in the oral cavity. With recent research giving a
more  complete picture of the challenges faced, rapid progress
has been made towards new biostable dental restorative mate-
rials that retain the aesthetic and mechanical properties, and
clinical workflows, of current systems. Most systems address
either the biodegradation of resin materials’ bulk and/or
the restoration margin, or seek to prevent bacterial ingress
and proliferation to reduce secondary caries via antimicro-
bial capability. In this section several approaches to material
design and testing are presented, with a summary of improved
materials shown in Table 1.

3.2.  Methods  for  evaluating  the  biodegradation  of  new
restorative  materials

Evaluating new dental materials via relevant in vitro stud-
ies remains difficult. The complex bacteria- and enzyme-rich

environment of the mouth is difficult to reproduce. How-
ever, several protocols have emerged to effectively assess new
materials.

https://doi.org/10.1016/j.dental.2018.09.013
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Table 1 – Summary of approaches taken to improve restoration service-life.

Category Restoration preservation approach Reference

Improvements to resin
hydrolytic stability

Increasing resin monomer hydrophobicity Kadoma et al. [84]
Shielding ester bonds with fluorinated side-chains Lagowski et al. [85]
Inhibition of esterases via copper iodide nanoparticles Renné et al. [86]
Inhibition of esterase by antimicrobial monomers Bortolatto et al. [87]
MMP inhibition via quaternary ammonium monomers Gou et al. [88]

Antimicrobial non-releasing
agents to inhibit biofilm
formation on resin surface

Quaternary ammonium-containing monomers (eg.
alkylated polyethylenimine)

Tiller  et al. [89], Lin et al. [90]

Alkylated polyethylenimine particles Beyth et al. [91]
Quaternary ammonium monomers and self-healing resins Yue et al. [92]
Hydantoin monomers Bortolatto et al. [87]

Antimicrobial-Releasing resins
to inhibit biofilm growth at

Chlorhexidine mixed into resin monomers Anusavice et al. [93]
Octenidine mixed into resin composites Rupf et al. [94]
Nitrous oxide-loaded mesoporous silica Carpenter et al. [95]

sopor
bled

ug-gr
material surface and within
restoration margin

Chlorhexidine-loaded me
Octenidine-silica co-assem
Ciprofloxacin releasing dr

Collecting saliva from donors for the incubation of mate-
rial specimens to assess biodegradation is time consuming,
does not allow for the testing of biodegradation by enzymes
without bacteria and may result in inconsistent activity due
to variability of the donors. Salivary esterase-like activity also
decreases rapidly with time, requiring regular replenishment.
Serkies et al. developed a protocol for the study of long-term
incubated fracture toughness specimens using a combination
of CE and PCE to mimic  the hydrolase activity of saliva (SHSE)
[46]. The 5-day replenishment cycle of this protocol allowed for
much longer-term incubation in a degradative environment
(180 days).

Studies involving bacteria and bacterial inhibition are also
difficult to maintain over long periods of time. Many studies
of antimicrobial materials investigate only short-term effects
on a low number of species, which may not be indicative of
medium- and long-term capability [98]. Many  of these studies
claim a potential secondary-caries reducing effect, despite not
demonstrating this [99]. Ideally studies would be performed
in vivo in animal models of caries, however this is not always
practical, especially in the development stage of the materials,
when optimization requires testing of multiple formulations
under standardised conditions.

One possible approach to simulate long-term incubation
with bacteria is to pre-incubate bonded restoration specimens
in the SHSE described earlier before exposing them to bacteria
[16,68 #61]. This allows for a simulated long-term break-
down of the restoration margin and corresponding microgap
increase without needing to maintain long-term bacterial cul-
tures. These specimens may be subsequently incubated with
bacteria to assess depth of penetration and total population
within the marginal gap. Marashdeh et al. and Huang et al.
have used this technique with great success, analyzing the
depth of penetration of E. faecalis around endodontic seal-
ers and S. mutans at the restoration interface, respectively [68
#61,100]. These studies can identify relative susceptibility of
restorative materials to marginal gap formation and bacterial
penetration.
To simulate long term effects of a more  realistic bac-
terial environment on restorative materials, a single- or
multi-species environment may be used with the aid of a
chemostat-based biofilm fermenter (CBBF) [16,68,101]. By plac-
ous silica Zhang et al. [96]
 particles Stewart et al. [118–120]
afted-monomers Delaviz et al. [97]

ing restoration specimens in a controlled environment able
to sustain a constant bacterial population and pH, the long
term and localized effects of this population on the restora-
tion interface may be observed. These systems may even be
used to reproduce caries and assess the anti-caries effects of
antimicrobial dental materials.

3.3.  Material  biostability

The most obvious strategy to combat the biodegradation of
dental resin polymer matrices is to modify the monomer to
be less susceptible to hydrolase or esterase activities. However,
making changes to the polymer matrix to protect or eliminate
vulnerable ester bonds remains difficult without sacrificing
the material’s mechanical strength and/or conversion kinetic
that compromises the clinical applicability of the material.
For instance, Kadoma has developed a fluorinated methacry-
late system that may reduce biodegradation by increasing the
hydrophobicity of the matrix and increasing chemical stabil-
ity [84]. These resins take significantly longer to polymerize,
therefore limiting clinical relevance.

Lagowski et al. have also developed a fluorinated UDMA
monomer in order to shield vulnerable ester bonds from
biodegradation in composite materials [85]. Through an iter-
ative process these monomers have been designed to match
current composite mechanical performance, while enhancing
hydrophobicity and vinyl group conversion. Work contin-
ues to monitor the effects of long-term biodegradation on
these materials through incubation with SHSE and monitoring
biodegradation by-product release.

Several studies incorporating antimicrobial properties in
dental restorative materials have also investigated secondary
effects on resin biostability. Alghanem et al. utilized copper
iodide nanoparticles to inhibit bacterial growth, but noticed
some bond preservation after 1-year incubation in distilled
water [86]. The authors suggested that this was due to the
potentially esterase-inhibiting effect of the particles and the
release of copper, though the inhibition was not confirmed.

Renne et al. also investigated similar polyacrylic acid-coated
copper iodide particles, and corroborated previous results con-
firming antimicrobial efficacy [86]. They also demonstrated a
strong ability of the material to inhibit collagen degradation in

https://doi.org/10.1016/j.dental.2018.09.013
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 simulated body fluid, but did not determine a source of this
ffect. This may preserve the hybrid layer in dental restora-
ions, and subsequently preserve bond strength.

.4.  Antimicrobial  monomers  and  non-released  agents

 growing body of work has investigated the use of non-
eleasing additives to resin for anti-biofilm or antimicrobial
ffect through contact killing [102]. This may inhibit bacterial
roliferation on the restorative surface or at the marginal gap
here in contact with the restorative. The major advantage
f these materials is the relative performance of their effect:
ith potentially no elution of antimicrobial substance there is
o payload decrease or decrease in effect with time [103–105].

Polymers containing insoluble positively charge species
uch as quaternary ammoniums have shown biofilm inhibit-
ng potential [89]. Negatively charged bacterial cells are
ttracted to the positively charged surface of the material.
hen in contact, the bacterial cell wall is disrupted, causing

he cell to lyse and die [106]. Alkylated polyethylenimine either
ncorporated in the resin polymer matrix itself, or bound to the

atrix in particle form, has shown an ability to prevent gram
ositive and negative bacteria adherence [90]. The particle
orm of these antimicrobial polymers is of particular interest,
s incorporating particles may interfere less with the polymer-
zation and mechanical properties of the resin than modifying
he resin matrix [91]. However, these materials do have sev-
ral limitations: antimicrobial chemistry must be compatible
ith the polymer system it is incorporated with, and surface
illing may be self-deactivated through the build-up of extra-
ellular material or dead cells on the resin surface [103,107].
he interactions of these materials with a realistic biodegrada-

ive environment are also rarely studied. Most analyses are
onducted in water or a neutral buffer, without the pres-
nce of hydrolytic enzymes that would normally be present
n the mouth. The effect of biodegradation on many  of these
ntimicrobial monomers is unknown, but for those containing
nprotected and easily hydrolyzed bonds, it may be hypothe-
ized that there will be release of antimicrobial monomer or
onomer by-products into the oral cavity, despite their cova-

ent attachment to the matrix.
Two recent applications of covalently bonded antimicrobial

onomers included other active measures to improve the sta-
ility of the restoration bond. Yue et al. developed a quaternary
mmonium-containing antimicrobial resin that also included
icrocapsules of unpolymerized TEGDMA and an initiator

92]. Upon fracture, the released TEGDMA was able to partially
heal” the damaged bond and seal the microcrack. In another
tudy by Gou et al., the secondary anti-degradative effects of

 quaternary ammonium monomer were investigated, and a
arge decrease of gelatinolytic activity was observed [88]. This

ay help protect the hybrid layer from collagenolytic attack.
owever, in both cases, the long-term effects of the secondary
ctive protection measures were not investigated. This valida-
ion will be key to demonstrate what realistic positive impact
hese secondary bond-preservation and -repair effects have.
Hydantoin is another highly bactericidal molecule that
hows effectiveness against common oral pathogens and lim-
ted human toxicity. Work by Bortolatto et al. to develop

 hydantoin derivative antimicrobial monomer compatible
 ( 2 0 1 9 ) 36–52 47

with methacrylate dental resins was unique in its analysis
of the effects of biodegradation on the material developed
[87]. The hydantoin-containing resin composite showed a log
2.68 reduction in S. mutans biofilm viability for 72 h with no
toxicity to human gingival fibroblasts. When samples were
incubated with a simulated human salivary enzyme solu-
tion, hydantoin-containing composite showed significantly
lower rates of bisHPPP release, suggesting an antidegrada-
tive capability of the material. This antidegradative effect was
then verified by demonstrating that free hydantoin-derived
monomers showed a strong ability to inhibit the activity of
cholesterol esterases against bisGMA. All-encompassing stud-
ies like this one are necessary to account for the complex
degradative environment in the oral cavity, and to design
materials with multiple disruptive effects on factors that dam-
age and compromise resin restorations.

3.5.  Antimicrobial  releasing  materials

Several groups have studied the direct mixing of antimicro-
bials into dental resins. Anusavice et al. mixed Chlorhexidine
into urethane based resins at extremely high weight per-
cent (33% wt.) [93]. Although they demonstrated release for 4
months and modeled release lasting over 10 years, 50% of drug
was released from samples during the first few days followed
by extremely low release (sub minimum inhibitory concen-
tration per week). Release was not studied under degradative
conditions, and significant damage to specimen surfaces was
seen from chlorhexidine dissolution.

In another study, Rupf et al. mixed octenidine dihydrochlo-
ride into dental composites and studied their performance
in situ [94]. This study demonstrated slower release (0.2% wt.  of
drug load in one week) and a reduction in in situ biofilm forma-
tion, but did not explore the long-term prospects, mechanical
characteristics, or drug release kinetics of the material.

Utilizing drug-carrier particles to store and release drug
without the formation of voids may circumvent these prob-
lems and extend release by limiting drug diffusion from the
carrier. One promising vector is mesoporous silica nanopar-
ticles (MSNs), porous particles that are structurally and
chemically similar to the filler particles present in resin com-
posites [108]. These particles are able to store large amounts
of drug within their pores and prolong release by the lim-
ited diffusion of media into the particle, and subsequent
diffusion of drug out [109]. After drug is expended, the MSN
remains, occupying the void and supporting the resin struc-
turally [108,110]. However, the use of MSNs in long-term drug
release applications is still limited by current drug loading
techniques, and the speed at which drug is released [111–116].
Within the context of dental materials, Carpenter et al. uti-
lized nitrous oxide loaded MSNs to effect a log-3 reduction in S.
mutans when particles were loaded in dental resin, but release
half-life was only 23 days [95]. Zhang et al. used chlorhexidine-
loaded MSN adhesive to inhibit bacteria growth over 1 day,
with release shown for 16 days [96]. Lee et al. used ampho-

tericin B-loaded MSNs in a polymethyl methacrylate matrix
but observed near complete release in 50 days [117]. In these
studies, the limits of drug loading within MSNs has resulted
in insufficient longevity. Furthermore, these studies do not
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Fig. 8 – Schematic overview (A) of drug-silica co-assembled particles for responsive long-term antimicrobial dental
adhesive. Release of the antimicrobial drug octenidine from resin adhesive (B) is increased in the presence of biodegradative

activity (simulated human salivary esterase or SHSE) [119].

account for biodegradation, its effects on drug release rates,
or the effect of released drug on biodegradation.

Stewart et al. have developed an antimicrobial-drug-silica
co-assembled particle system similar to MSN synthesis that
is does not involve a separate drug loading step, utilizing
octenidine dihydrochloride [118] (Fig. 8A). These highly loaded
particles greatly improve payload and extend release when
incorporated in a total-etch adhesive at 10% weight [119]. Less
than 1% of drug was released over 90 days while demon-
strating almost total inhibition of bacterial attachment and
growth. Of importance is the relationship between the mate-
rial and degradative enzymes. Biodegradation and erosion of
the resin matrix increased drug release (Fig. 8B), providing
a triggered release mechanism during bacterial degradation.
Furthermore, the released drug octenidine dihydrochloride
showed a strong ability to inhibit model and salivary enzymes’
activity towards the resin matrix [120]. Miniature short-rod
specimens bonded using the test adhesive retained initial frac-
ture toughness after 6-months of incubation in a simulated
degradative environment, while the fracture toughness of con-
trol specimens was significantly reduced.

Another approach is to use labile bonds for a triggered
release of antibiotic from the resin polymer matrix. In this kind
of system, the degradative capabilities of bacteria and saliva
are used to trigger the release of drug through the hydrolysis of
a susceptible bond between a traditional antibiotic molecule
and a carrier monomer. Delaviz et al. grafted the antibiotic
ciprofloxacin onto a dimethacrylate monomer with a labile
bond to create a monomer pro-drug [97]. This new cross-
linking monomer was both more  hydrolytically stable than
bisGMA (at its terminal methacrylate groups) as well as able to
release ciprofloxacin upon biodegradation as a by-product. In

this way the new material may limit biodegradation as well as
respond to it through elimination of infiltrating bacteria at the
restoration margin. However, significant work was first neces-
sary to synthesize a monomer that was soluble in current resin
monomer solutions and that would not interfere with poly-
merization. There may also be concerns over the long-term
exposure of the oral cavity to an antibiotic, and the potential
development of antibiotic resistance. The use of this system in
conjunction with other antimicrobial strategies may mitigate
this risk.

4.  Conclusions

The use of resin composite restorations is ubiquitous in
dentistry, but their clinical benefits come with sacrifices in
longevity and stability. A large and growing body of work
over the last 30 years has elucidated the effects of host and
bacterial degradation of resins in the oral cavity. Further-
more,  the various degradative pathways and their effects on
each other have been more  fully explored in recent years,
tying biodegradation to a major cause of restoration fail-
ure: secondary caries. This newfound knowledge has enabled
improvements to dental restorations: modification of their
hydrolytic stability and mechanical properties, adding new
antimicrobial components, or the use of enzyme inhibitors
to prevent biodegradation. In the future, new resin com-
posite restorative systems should aim to address many  of
these degradative challenges at once, breaking the feedback
loops that amplify restoration degradation. This will lead to
improved commercially applicable materials and increased
service-life, and therefore a more  positive long-term patient
outcome.
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Carson MB, et al. Genome sequence of Streptococcus mutans
UA159, a cariogenic dental pathogen. Proc Natl Acad Sci U
S  A 2002;99:14434–9.

[81] Adebayo OA, Tam LE, Finer Y. Cariogenic bacteria
compromise resin-dentin interfacial integrity. In: 43rd
Annual Meeting & Exhibition of the AADR. 2014.

[82] Marashdeh QM, Gitalis R, Lévesque C, Finer Y. Endodontic
pathogens possess collagenolytic activities that degrade
human dentin collagen matrix. Int Endod J 2018. In Press
https://doi.org/10.1111/iej.13018.

[83] Marashdeh MQ, Gitalis R, Levesque C, Finer Y. Enterococcus
faecalis hydrolyzes dental resin composites and adhesives.
J  Endod 2018;44:609–13.

[84] Kadoma Y. Kinetic polymerization behavior of fluorinated
monomers for dental use. Dent Mater J 2010;29:602–8.

[85] Lagowski M, Meilin Y, Finer Y, Santerre JP. Influence of
fluorinated divinyl urethane monomers on resin composite
chemical biostability and physical properties. In: 33rd
Annual Meeting Of The Canadian Biomaterials Society.
2017.

[86] Alghanem A, Fernandes G, Visser M, Dziak R, Renné WG,
Sabatini C. Biocompatibility and bond degradation of
poly-acrylic acid coated copper iodide-adhesives. Dent
Mater 2017;33:e336–47.

[87] Bortolatto JF, Finer Y. Covalently bonded antimicrobial
monomer for increased longevity of resin composites. In:
World  Biomaterials Congress. 2016, p2118.

[88] Gou YP, Meghil MM, Pucci CR, Breschi L, Pashley DH, Cutler
CW,  et al. Optimizing resin-dentin bond stability using a
bioactive adhesive with concomitant antibacterial
properties and anti-proteolytic activities. Acta Biomater
2018;75:171–82.

[89] Tiller JC, Lee SB, Lewis K, Klibanov AM. Polymer surfaces
derivatized with poly(vinyl-n-hexylpyridinium) kill
airborne and waterborne bacteria. Biotechnol Bioeng
2002;79:465–71.

[90] Lin J, Qiu S, Lewis K, Klibanov AM. Bactericidal properties of
flat  surfaces and nanoparticles derivatized with alkylated
polyethylenimines. Biotechnol Progress 2002;18:1082–6.

[91] Beyth N, Yudovin-Farber I, Perez-Davidi M, Domb AJ, Weiss
EI. Polyethyleneimine nanoparticles incorporated into resin
composite cause cell death and trigger biofilm stress
in  vivo. Proc Natl Acad Sci U S A 2010;107:22038–43.

[92] Yue S, Wu J, Zhang Q, Zhang K, Weir MD, Imazato S, et al.
Novel dental adhesive resin with crack self-healing,
antimicrobial and remineralization properties. J Dent
2018;75:48–57.

[93] Anusavice KJ, Zhang NZ, Shen C. Controlled release of
chlorhexidine from UDMA-TEGDMA resin. J Dent Res
2006;85:950–4.

[94] Rupf S, Balkenhol M, Sahrhage TO, Baum A, Chromik JN,
Ruppert K, et al. Biofilm inhibition by an experimental
dental resin composite containing octenidine
dihydrochloride. Dent Mater 2012;28:974–84.

[95] Carpenter AW, Reighard KP, Saavedra JE, Schoenfisch MH.
O2-protected diazeniumdiolate-modified silica

nanoparticles for extended nitric oxide release from dental
composites. Biomater Sci 2013;1:456–9.
 ( 2 0 1 9 ) 36–52 51

[96] Zhang JF, Wu  R, Fan Y, Liao S, Wang Y, Wen ZT, et al.
Antibacterial dental composites with chlorhexidine and
mesoporous silica. J Dent Res 2014;93:1283–9.

[97] Delaviz Y, Nascimento MA, Laschuk MW, Liu TW, Yang M,
Santerre JP. Synthesis and characterization of
ciprofloxacin-containing divinyl oligomers and assessment
of their biodegradation in simulated salivary esterase. Dent
Mater 2018;34:711–25.

[98] Cocco AR, de Oliveira da Rosa WL,  da Silva AF, Lund RG,
Piva E. A systematic review about antibacterial monomers
used in dental adhesive systems: current status and
further prospects. Dent Mater 2015;31:1345–62.

[99] do Amaral GS, de Cassia Negrini T, Maltz M,  Arthur RA.
Restorative materials containing antimicrobial agents: is
there evidence for their antimicrobial and anti-caries
effects? A systematic-review. Aust Dent J 2015;61:6–15.

[100] Marashdeh M. Exploration of degradative activities of
Enterococcus faecalis and determinants of bacterial biofilm
proliferation within the sealer-dentin interfacial margins.
Toronto: University of Toronto; 2017.

[101] Kinniment SL, Wimpenny JW,  Adams D, Marsh PD.
Development of a steady-state oral microbial biofilm
community using the constant-depth film fermenter.
Microbiol 1996;142:631–8.

[102] Imazato S, Ma S, Chen J-H, Xu HHK. Therapeutic polymers
for dental adhesives: Loading resins with bio-active
components. Dent Mater 2013;30:1–8.

[103] Timofeeva L, Kleshcheva N. Antimicrobial polymers:
mechanism of action, factors of activity, and applications.
Appl Microbiol Biotechnol 2011;89:475–92.

[104] Wicht MJ, Haak R, Kneist S, Noack MJ.  A
triclosan-containing compomer reduces Lactobacillus spp:
predominant in advanced carious lesions. Dent Mater
2005;21:831–6.

[105] Beyth N, Farah S, Domb AJ, Weiss EI. Antibacterial dental
resin composites. React Funct Polym 2014;75:81–8.

[106] Kawabata N, Nishiguchi M. Antibacterial activity of soluble
pyridinium-type polymers. Appl Environ Microbiol
1988;54:2532–5.

[107] Siedenbiedel F, Tiller JC. Antimicrobial polymers in solution
and on surfaces: overview and functional principles.
Polymers 2012;4:46–71.

[108] Praveen S, Sun Z, Xu J, Patel A, Wei Y, Ranade R, et al.
Compression and aging properties of experimental dental
composites containing mesoporous silica as fillers. Mol
Cryst Liq Cryst 2006;448:223/[825]–31/[833].

[109] Yamamoto E, Kuroda K. Colloidal mesoporous silica
nanoparticles. B Chem Soc Jpn 2016;89:501–39.

[110] Samuel SP, Li S, Mukherjee I, Guo Y, Patel AC, Baran G, et al.
Mechanical properties of experimental dental composites
containing a combination of mesoporous and nonporous
spherical silica as fillers. Dent Mater 2009;25:296–301.

[111] Izquierdo-Barba I, Vallet-Regi M, Kupferschmidt N, Terasaki
O, Schmidtchen A, Malmsten M.  Incorporation of
antimicrobial compounds in mesoporous silica film
monolith. Biomaterials 2009;30:5729–36.

[112] Lu J, Liong M, Zink JI, Tamanoi F. Mesoporous silica
nanoparticles as a delivery system for hydrophobic
anticancer drugs. Small 2007;3:1341–6.

[113] Han N, Zhao Q, Wan L, Wang Y, Gao Y, Wang P, et al. Hybrid
lipid-capped mesoporous silica for stimuli-responsive drug
release and overcoming multidrug resistance. ACS Appl
Mater Interfaces 2015;7:3342–51.

[114] He Q, Shi J, Chen F, Zhu M, Zhang L. An anticancer drug
delivery system based on surfactant-templated

mesoporous silica nanoparticles. Biomaterials
2010;31:3335–46.

https://doi.org/10.1016/j.dental.2018.09.013
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0390
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0395
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0400
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0405
https://doi.org/10.1111/iej.13018
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0415
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0420
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0425
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0430
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0435
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0440
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0445
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0450
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0455
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0460
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0465
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0470
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0475
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0480
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0485
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0490
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0495
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0500
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0505
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0510
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0515
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0520
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0525
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0530
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0535
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0540
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0545
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0550
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0555
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0560
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0565
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0570


 l s 3

[120] Stewart CA, Hong JH, Hatton BD, Finer Y. Preservation of
52  d e n t a l m a t e r i a

[115] He Q, Gao Y, Zhang L, Zhang Z, Gao F, Ji X, et al. A
pH-responsive mesoporous silica nanoparticles-based
multi-drug delivery system for overcoming multi-drug
resistance. Biomaterials 2011;32:7711–20.

[116] Izquierdo-Barba I, Martinez A, Doadrio AL, Perez-Pariente J,
Vallet-Regi M. Release evaluation of drugs from ordered
three-dimensional silica structures. Eur J Pharm Sci
2005;26:365–73.
[117] Lee J-H, El-Fiqi A, Jo J-K, Kim D-A, Kim S-C, Jun S-K, et al.
Development of long-term antimicrobial poly(methyl
methacrylate) by incorporating mesoporous silica
nanocarriers. Dent Mater 2016;32:1564–74.
 5 ( 2 0 1 9 ) 36–52

[118] Stewart CA, Finer Y, Hatton BD. Drug self-assembly for
synthesis of highly-loaded antimicrobial drug-silica
particles. Sci Rep 2018;8:895.

[119] Stewart CA, Hong JH, Hatton BD, Finer Y. Responsive
antimicrobial dental adhesive based on drug-silica
co-assembled particles. Acta Biomater 2018;76:
283–94.
restoration bond through interfacial delivery of
antidegradative agents. In: International Association of
Dental Research. London, UK; 2018.

https://doi.org/10.1016/j.dental.2018.09.013
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0575
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0580
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0585
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0590
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0595
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600
http://refhub.elsevier.com/S0109-5641(18)30686-9/sbref0600

	Biostable, antidegradative and antimicrobial restorative systems based on host-biomaterials and microbial interactions
	1 Dental materials
	1.1 Resin composite restorative materials and their clinical performance
	1.1.1 Resin composites
	1.1.2 Chemical formulation and composition
	1.1.3 Restoration adhesion by resin adhesives
	1.1.4 Clinical performance
	1.1.5 Secondary caries


	2 The challenge of degradation in the oral cavity
	2.1 Mechanical degradation
	2.2 Chemical and biochemical degradation
	2.2.1 Chemical degradation of resin monomers and polymers
	2.2.2 Short-term elution of unreacted monomers
	2.2.3 Long-term enzymatic degradation
	2.2.4 Hydrolase/esterase activity in the oral cavity

	2.3 Measuring resin degradation via quantification of by-products
	2.4 Biodegradation of the restoration-tooth interface
	2.4.1 Restoration bulk vs interface
	2.4.2 Collagenase and gelatinase activity in human dentin
	2.4.3 Salivary esterase and MMP biodegradation of the resin-dentin interface

	2.5 Resin composite biodegradation and interactions with bacteria
	2.5.1 Bacterial infiltration and marginal gap widening
	2.5.2 Resin composite degradation by-products affect bacterial virulence factors
	2.5.3 The role of S. mutans in biodegradation
	2.5.4 Effect of bacterial biodegradation on restoration-tooth bond strength
	2.5.5 The cyclic effect of resin composite biodegradation product on a cariogenic bacterium degradative esterase gene expr...
	2.5.6 Esterase and protease activity of endodontic pathogenic bacteria

	2.6 Summary of challenges faced by dental restorations

	3 Current work to reduce biodegradation and secondary caries
	3.1 Strategies to address clinical problems with resin restorative materials
	3.2 Methods for evaluating the biodegradation of new restorative materials
	3.3 Material biostability
	3.4 Antimicrobial monomers and non-released agents
	3.5 Antimicrobial releasing materials

	4 Conclusions
	Funding sources
	References


