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Laboratory tests are routinely used to test bonding properties of dental
adhesives. Various aging methods that simulate the oral environment are
used to complement these tests for assessment of adhesive bond durability.
However, most of these methods challenge hydrolytic and mechanical
stability of the adhesive- enamel/dentin interface, and not the biostability
of dental adhesives. Objective: To compare resin-dentin microtensile bond
strength (UTBS) after a 15-day Streptococcus mutans (SM) or Streptococcus
sobrinus (SS) bacterial exposure to the 6-month water storage (WS) ISO
11405 type 3 test. Methodology: A total of 31 molars were flattened and
their exposed dentin was restored with Optibond-FL adhesive system and
Z-100 dental composite. Each restored molar was sectioned and trimmed
into four dumbbell-shaped specimens, and randomly distributed based on
the following aging conditions: A) 6 months of WS (n=31), B) 5.5 months of
WS + 15 days of a SM-biofilm challenge (n=31), C) 15 days of a SM-biofilm
challenge (n=31) and D) 15 days of a SS-biofilm challenge (n=31). pTBS
were determined and the failure modes were classified using light microscopy.
Results: Statistical analyses showed that each type of aging condition
affected uTBS (p<0.0001). For Group A (49.7+£15.5MPa), the mean pTBS
was significantly greater than in Groups B (19.3+6.3MPa), C (19.9+5.9MPa)
and D (23.6+7.9MPa). For Group D, the mean pTBS was also significantly
greater than for Groups B and C, but no difference was observed between
Groups B and C. Conclusion: A Streptococcus mutans- or Streptococcus
sobrinus-based biofilm challenge for 15 days resulted in a significantly lower
MTBS than did the ISO 11405 recommended 6 months of water storage. This
type of biofilm-based aging model seems to be a practical method for testing
biostability of resin-dentin bonding.
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Although dental composite restorations demonstrate
favorable immediate bonding properties, failures occur
over clinical service due to secondary caries, marginal
defects or staining, chipping, and fractures.! The
degradation of the resin-dentin interface is considered
the weak link and it is cited as one of the main reasons
for failure of composite restorations.? These facts, as
well as newer dental adhesives claiming improved
bonding effectiveness with simplified application
techniques, emphasize the relevance of testing the
resin-dentin interface integrity before dental bonding
agents are marketed.

Clinical trials provide an accurate and effective
determination of the long-term bond effectiveness
for new materials, and they constitute the highest
standard for testing them.3“ However, due to time and
cost limitations, testing bond strength and conducting
margin analysis in a laboratory are popular substitutes
for clinical trials.® The International Standards
Organization (ISO) created the 'ISO/TS 11405:2015
Dental Materials to standardize testing for these
materials - testing of adhesion to tooth structure
guideline which includes information about selecting
substrates, storing and handling samples, the essential
features of the various laboratory tests, including tests
of microleakage, tensile bond strength, and marginal
gaps.® ISO 11405 (test type 3) recommends a water
storage time of 6 months at 37°C to “show durability
of the adhesive bond.” Additional in vitro techniques
for simulated aging including thermocycling and
mechanical loading are commonly reported in the
literature. In vitro bond strengths, when involving an
aging method, have been correlated with the results
of clinical trials.>*” However, these techniques present
disadvantages to simulated aging, which ultimately
limits their use. Water storage is time-consuming,
requiring a minimum of 6 months.®® Thermocycling
methods lack a consensus regarding the ideal
number of cycles or cycling protocol.® Furthermore,
these methods challenge mechanical and hydrolytic
stability only, leaving enzymatic stability untested.
Therefore, it would be desirable to adopt a more
relevant method for simulated aging in a laboratory
that can simultaneously speed the aging process for
resin-dentin interfaces and help evaluate an adhesive
long-term bonding properties.

In the oral cavity, bacteria can form biofilms on
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both soft and hard tissue, which includes a variety
of restorative materials, such as ceramics, resin
composites, and amalgams.® Plaque bacteria and
resin-based dental materials interact dynamically.
Studies have shown that a greater amount of dental
plague develops on composites made of resin than on
other kinds of restorative materialst!*2 and a greater
percentage of bacteria is viable for dental composites
than for other restorative materials.'* Laboratory
studies have also shown that incomplete polymerization
or disintegration of resin-based composites can result
in monomers leaching into the oral cavity, which
can increase the virulence and promote growth of
Streptococcus mutans, Streptococcus sobrinus, and
Lactobacillus.*%416 In turn, studies have demonstrated
the degradative effect of S. mutans-based biofilm on
surface roughness of dental composites'! and integrity
of resin-dentin interface.”-2°These facts emphasize the
relevance of testing for biostability when assessing
bonding properties of dental adhesive. This study aims
to determine whether the resin-dentin microtensile
bond strength (uTBS) after a biofilm challenge
using one of two cariogenic bacterial species, either
Streptococcus mutans or Streptococcus sobrinus for
15 days was comparable or possibly even lower than
that adhesive uTBS after an ISO 11405 type 3 test of
6 months of water storage.

Few in vitro studies have assessed how biofilm
challenges affect the mechanical properties of
resin-dentin interfaces.”:1%20 A biofilm model offers
the possibility of enzymatic, acidic and hydrolytic
degradation and thereby more effectively simulates
in vivo conditions. The null hypothesis was that a
biofilm challenge using Streptococcus mutans or
Streptococcus sobrinus for 15 days would result in a
dentin bond presenting approximately the same uTBS
reduction as it would after water storage for 6 months.

This study follows the guidelines for substrate
selection and sample storage as recommended by
ISO/TS 11405 standards.® In total, 31 human molars
with no caries or restorations were randomly selected
from a group of extracted teeth available at the Iowa
Institute for Oral Health Research, Iowa City, IA. Teeth
were exempt from Institutional Review Board (IRB)
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because each extraction was performed for purely
clinical reasons. Furthermore, the teeth could not
be connected to the patient from which they were
extracted.

Thirty-one extracted teeth were cleaned and
stored in 0.5% Chloramine-T trihydrate bactericidal
reagent until they were mounted in dental stone using
a customized mold. The teeth were then trimmed
to create a flat coronal dentin using a water-cooled
diamond wheel (Whip Mix, Louisville, KY, USA) and
the Computer Numeric Controlled (CNC) machine
(University of Iowa, Iowa City, IA, USA). The exposed
dentin surface was etched with 37% phosphoric acid
(Kerr, Orange, CA, USA) for 15 seconds followed
by application of Optibond FL primer and adhesive
(Kerr, Orange, CA, USA) using the manufacturer’s
instructions. The adhesive was light cured for 30
seconds (>18J/cm?). Three increments of Z-100
dental composite (3M ESPE, St Paul, MN, USA) were
built and each 2mm increment was cured for 40 s
(>55 3/cm?). Optilux 500 curing light (Demetron/
Kerr, Danburry, CT, USA) was used in the study with
an excitant irradiance of 1390 mW/cm? as determined
using MARC™RC (Managing Accurate Resin Curing-
Resin Calibrator, BlueLight Analytics, Halifax, Canada).
A radiometer (Demetron/Kerr, Danbury, CT, USA)
was used to evaluate the stability of energy output
throughout the study. Each bonded assembly was then
segmented perpendicular to the resin-dentin interface
into four sticks using an Isomet 1000 sectioning
machine (Buehler, Lake Bluff, IL, USA). Each of the 2
mm x 2 mm resin-dentin stick was further trimmed
using the CNC machine into a dumbbell with cross-
sectional area of 0.5 mm?, gauge length of 1 mm, and
radius of curvature or ‘neck’ of 0.6 mm. Dumbbells
were sterilized by storing them in 0.5% Chloramine-T
disinfectant reagent (0.5% of chloramine-T trihydrate
with autoclaved water) for 24 hours followed by rinsing
five times with autoclaved water before being exposed
to bacterial challenge, to avoid obvious damage of the
test specimens, in lieu of autoclaving.?!

From each tooth, the 4 dumbbells were randomly
placed in a 4-row by 6-column tissue culture plate
(Costar 3526, Corning Inc., Corning, NY). For each
of the four different tests for simulated aging, each
well of a row of the plate contained 1 ml of the aging
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solution kept at 37 °C. Storage conditions for the study
were: A) 6 months in autoclaved water (n=31), B) 5.5
months in autoclaved water followed by exposure to
15 days of Streptococcus mutans (n=31), C) a 15-
day Streptococcus mutans-based biofilm challenge
(n=31), and D) a 15-day Streptococcus sobrinus-
based biofilm challenge (n=31). The bacterial growth
medium was changed daily, and the autoclaved water
was changed, once every week. Frozen collection of
S. mutans (UA159) and S. sobrinus (ATCC 33478)
were revived for 24 hours on blood agar (Trypticase
Soy Agar with 5% sheep’s blood) to generate the
bacterial biofilms. A sterile Q-tip was used to inoculate
the bacterial colonies into Brain Heart Infusion (BHI)
broth from the agar plates. BHI broth consists of 6g
brain heart (infusion from solids), 6g peptic digest
of animal tissues, 5g sodium chloride, 3g dextrose,
14.5g pancreatic digest of gelatin and 2.5g disodium
phosphate per liter of purified water.'® To promote
the formation of a biofilm on the dumbbells within
each well, BHI medium with 0.5% sucrose was used
for the initial 24 hours'® (Figure 1). Sucrose was not
used afterwards, since it would have led to excessive
biofilm biomass and extremely acidic pH. The biofilms
were incubated aerobically with elevated (5%) CO,.

Immediately after the removal from the aging
media, PTBS testing was performed at room
temperature. For each test specimen, a non-gluing
passive gripping device (Dircks Device, University of
Iowa, Iowa City, IA, USA) held the specimen centrally
in relation to its test axis. At a crosshead speed of
1 mm/min on a calibrated Zwick Materials Testing
Machine (Zwick Gmbh & Co., Ulm, USA), uTBS testing
was performed. For each specimen, two fractured
segments were observed under a light microscope with
a magnification of 50X. Based on these observations,
the failure mode was classified either as: apparently
adhesive, cohesive substrate failure in dentin or dental
composite, or mixed when involving the adhesive
interface and either dentin or dental composite.

When considering tooth dependency (four
specimens from the same tooth), a simple random
effect in Mixed Model ANOVA was performed to
evaluate how each method of simulated aging affected
the uTBS. Additionally, a Weibull regression model was
used to determine association between uTBS and the
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Dental adhesive microtensile bond strength following a biofilm-based in vitro aging model

Figure 1- Dumbbells in bacterial aging medium

Table 1- Microtensile bond strengths associated with the four types of storage conditions analyzed using ANOVA

Groups (N=31)

Description of Aging Conditions

Mean (SD) Microtensile Bond Strength (Mpa)*

Group A 6 months Water storage 49.69 (15.53)
Group B 5.5 months Water storage + 15 days of S. mutans storage 19.26 (6.26) &
Group C 15 days S. mutans storage 19.92 (5.86) &
Group D 15 days S. sobrinus storage 23.58 (7.88) ¢

*Column means with different letters indicate statistically significant differences

types of storage media by Wald chi-square test.822:23
The significance for all tests was 0.05, and the SAS
for Windows version 9.4 (SAS Institute Inc., Cary, NC,
USA) was used to perform data analysis.

Results

Mixed model ANOVA and Weibull regression
model (Tables 1 and 2, respectively) showed that the
method of simulated aging significantly (p<0.0001)
affected the pTBS of dentin adhesive tested. Mean
MTBS following 6 months of water storage was
significantly higher than that following 5.5 months of
water storage + 15 days of Streptococcus mutans,
15 days of Streptococcus mutans challenge or 15
days of Streptococcus sobrinus challenge (Table 1).
Also, mean UTBS of specimens subjected to 15 days
of S. sobrinus challenge was significantly greater
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than that following 5.5 months of water storage + 15
days of S. mutans challenge, or 15 days of S. mutans
challenge, whereas no difference was found between
the latter two groups (Figure 2). Weibull distribution
was similar for all groups, as represented by the
shape parameter. The scale parameter represented
by n (eta) (63.2% probability of failure) is also
shown in Table 2. Regarding the failure mode, most
of specimens (74.2%, 83.9%, 80.6%) exposed to
bacterial challenge (Groups B, C and D, respectively),
had apparent cohesive failures within the dentin
substrate, very close to the adhesive interface (Figure
3). In total, 55% of the specimens exposed to water
challenge (Group A) had apparent cohesive failures
within the dentin or dental composite substrate.
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Table 2- Weibull parameters for the microtensile bond strength measurements associated with the four types of storage conditions

95 % Scale 95 % Shape 95 % 5% chance of 95 % 95% chance of 95 %
(stderr) Confidence (stderr) Confidence Confidence Confidence

Confidence

N Median*

Storage

Failure (MPa)

Failure

(stderr)

Condition

(stderr) Interval (stderr) Interval

Interval

Interval

Interval

(MPa)

48.68-59.94 3.47 (0.54) 2.55-4.71 22.93 (3.54) 16.94-31.05 22.93 (3.54) 65.35-84.08

54.01 (2.87)

48.60 (2.86) A 43.30-54.54

31

6 mo WS

17.12-21.59  21.32 (1.13) 19.22-23.66 3.54 (0.52) 2.65-4.72 9.20 (1.36) 6.89-12.30 9.20 (1.36) 25.90-32.66

31 19.22 (1.14) B

5.5 mo WS +

15d SM

19.99-24.31 3.79 (0.52) 2.90-4.96 10.08 (1.33) 7.78-13.05 10.08 (1.33) 26.54-32.65

22.05 (1.10)

17.95-22.32

20.02 (1.11) B

31

15d SM

8.03-14.56 10.82 (1.64) 32.36-41.05

10.82 (1.64)

20.81-26.63  26.26 (1.48)  23.51-29.34 3.35 (0.47) 2.54-4.41

31 23.54 (1.48)C

15d SS

*Column medians with different letters indicate statistically significant differences (WS — water storage, mo — months, d — days, SS - Streptococcus sobrinus, SM - Streptococcus mutans, MPa — megapascal)
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Based on the results, the null hypothesis was
rejected. The lower PUTBS results in this study
following a biofilm challenge are consistent with the
findings of other studies. Mutluay, et al.?® (2013)
established that S. mutans-based biofilm storage
for 14 days significantly reduced fatigue resistance
and flexural strength of resin-dentin interfaces more
than did water storage for 14 days. Carrera, et al.?°
(2017) also found that 12 weeks of biofilm challenge
resulted in larger reductions in the flexural strength
of adhesive interfaces when compared to the control
group without any biofilm challenge. Failure was within
the demineralized enamel/dentin substrate close to
the adhesive interface in both studies. This finding is
consistent with that of this study. Moreover, groups
presented similar Weibull shape parameters (moduli),
which indicate that the defect variation among the
groups was uniform.

The bacterial species, S. mutans and S.
sobrinus, are acid-tolerant and among the strongest
acidogens that may be found in dental plaque. These
species metabolize dietary sugars into adhesive
polysaccharides and organic acids.?*?” S. mutans
is more highly prevalent than S. sobrinus,?®?° so
it was a natural choice for the biofilm model. S.
sobrinus was added to this study to test it's effect
on UTBS since in vitro studies have shown it as more
acidogenic than S. mutans?®?° with perhaps higher
caries potential.?#3031 However, S. sobrinus biofilm
caused less degradation of the resin-dentin interface,
resulting in higher uTBS values than S. mutans biofilm.
A preliminary experiment measuring the hourly change
in pH observed a similar increase in acidity for both
bacterial cultures, suggesting that acidogenicity does
not explain why their biodegradation capabilities were
different. However, such difference may be explained,
by the lower probability of initial attachment of S.
sobrinus and because that probability is increased
when S. mutans is present with S. sobrinus.?*

The rationale for including group B (5.5 months of
WS + 15 days of SM) was to compare group B results
and Group C (15 days of SM). If Group B uTBS was
lower, then the combination of 5.5 months of WS +
15 days of SM-based biofilm challenge would be a
more effective manner of in vitro aging than SM alone.
However, as we did not find a difference between both
groups likely signifies that most of the degradation
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Figure 2- Weibull plot of probability of failure (%) against the microtensile bond strength (TBS) at failure for each of the storage conditions

(d - days, mo — months, MPa — megapascal)

Figure 3- Apparent failure within dentin near the adhesive
interface as seen under light microscopy (50X)

presented in Group B (5.5 months of WS + 15 days
of SM) was due to SM leading to low uTBS.

In past studies, researchers have investigated how
a resin-dentin interface degrades when challenged with
a multi-species biofilm.203233 Although more clinically
simulative, this kind of multi-species biofilm challenge
is hard to control and standardize, since one of the
bacterial species might dominate and outgrow the
others. In this study, single species biofilms developed
from S. mutans- and S. sobrinus were used. The strain
of S. mutans selected for the study was UA159. This
strain was chosen for it is well-studied and exhibits
greater esterase activity on resin substrates, which
are common in dental restorations, than other S.
mutans strains.® The strain of S. sobrinus selected
for the study was ATCC 33478. This strain was used
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for it displays typical properties of the species. For
the first 24 hours, a BHI medium was supplemented
with sucrose to establish a biofilm. Sucrose was not
used afterwards to avoid S. mutans to bind to and
build up too much on the specimens for the remainder
of the biofilm challenge. If active gripping with glue
was used to test for bond strength, a larger biomass
would have created difficulties, but since we used a
mechanically passive gripping device without glue, it
did not affect our study.

The PTBS test was used instead of the traditional
macro-shear test due to improved stress distribution
at the true resin-dentin interface and to achieve
accelerated degradation at short diffusional distance
and relatively larger adhesive dentin margin exposure.”
Despite being technically demanding, cylindrical
dumbbell-shaped specimens were used instead of
rectangular resin-dentin beams due to more uniform
stress distribution at the dentin-resin interface
under tensile load, thereby providing more reliable
results.”3* For data analysis of the results, both
ANOVA procedures and a Weibull regression model
were used. The Weibull regression analysis is highly
recommended, since it can account for variations in
MTBS results and for clusters of samples that occur
when four dumbbells obtained from a single tooth
are used.®2235 Most research studies avoid the test
because of the large sample size it requires.?? In this
study, a sample size one-third larger would have
been adequate if we were to use only ANOVA for data
analysis.
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Future work may address some limitations of this
study. Fractography and tracing the bacterial infiltration
pathway using Scanning Electron Microscopy or
Confocal Laser Scanning Microscopy would be useful
for understanding biodegradation. Our study did
not include an uninoculated BHI control. However, a
significant difference was found between pTBS values
of groups exposed to S. mutans and to S. sobrinus,
therefore indicating probable degradation due to the
bacteria used, and not the BHI media. Furthermore,
a study measuring the quantity of Bis-GMA-derived
degradative product bishydroxy-propoxy-phenyl-
propane (Bis-HPPP) did not find a significant difference
in degradation of composite (Z-250) and total etch
adhesive (Scothcbond Multipurpose) following 14 and
30 days of BHI media when compared to baseline
levels at 2 and 4 days.'8

In the future, a different specimen design can also
be tested to complement the biofilm challenge, such
as the recently developed mini-interfacial fracture
toughness test.3¢ Although this study found that
cariogenic bacteria, S. mutans and S. sobrinus, result
in biodegradation, it would be helpful to investigate
whether non-cariogenic, acid-producing bacteria,
including Streptococcus sanguinis, Streptococcus
gordonii, or Streptococcus mitis—three species often
found in dental plaque—also result in biodegradation.
It is also important to understand that different
degradation mechanisms occur at distinct parts of the
restorations and enamel or dentin tooth substrates.
Future studies could compare exposed restored teeth
with and without enamel margins as well as individual
test specimens; however, we chose to study the
resin-dentin bond as this is a common restorative
cavosurface margin and site of margin degradation
to include recurrent caries. The resin-dentin interface
is the weak link of adhesive dentistry due to the
dentin substrate nature and the in vivo degradative
mechanisms.

In summary, biofilm challenge for just 15 days
produced significantly greater degradation and
resulted in much lower PTBS values than did water
storage for 6 months. This suggests that a biofilm
challenge used to evaluate the hydrolytic and
biostability of dental adhesives has a clear purpose
while testing mechanical properties of bonding agents
in the laboratory. However, the extent to which this
model decreases the resin-dentin bond strength
when compared to non-aged specimens cannot be
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determined in this study. The bacterial challenge can
be helpful to assess how newer antibacterial resin
monomers bond to dentin substrate.3” The method of
simulated aging in this study has been deliberately
kept simple and it is easily to reproduce.

The biofilm-based model seems to be a promising
in vitro method for simulated aging. However, this
area needs further refinement and exploration into
how well it complements or can replace other in vitro
aging models dedicated to testing pTBS properties of
dental adhesives.

Within the limitations of this in vitro study, a
Streptococcus mutans- or Streptococcus sobrinus-
based biofilm challenge for 15 days resulted in
a significantly lower pTBS than the ISO 11405
recommended 6 months of water storage. This type
of biofilm-based aging model seems to be a practical
method for testing biostability of resin-dentin bonding.

Jain, Aditi: Conceptualization (Equal); Data
curation (Lead); Formal analysis (Equal); Investigation
(Lead); Methodology (Equal); Validation (Equal);
Writing-original draft (Lead); Writing-review and
editing (Lead). Armstrong, Steve: Conceptualization
(Equal); Formal analysis (Equal); Methodology (Equal);
Validation (Equal); Writing-original draft (Equal);
Writing-review & editing (Equal). Banas, Jeffrey:
Conceptualization (Equal); Formal analysis (Equal);
Methodology (Equal); Validation (Equal); Writing-
original draft (Equal); Writing-review & editing (Equal).
Qian, Fang: Conceptualization (Equal); Data curation
(Equal); Formal analysis (Lead); Methodology (Equal);
Validation (Equal); Writing-original draft (Equal);
Writing-review & editing (Equal). Maia, Rodrigo:
Conceptualization (Equal); Formal analysis (Equal);
Methodology (Equal); Validation (Equal); Writing-
original draft (Equal); Writing-review & editing (Equal).
Teixeira, Erica: Conceptualization (Equal); Formal
analysis (Equal); Methodology (Equal); Validation
(Equal); Writing-original draft (Equal); Writing-review
& editing (Equal)

7/9 2020;28:€20190737



1- Manhart J, Chen H, Hamm G, Hickel R. Buonocore memorial
lecture: review of the clinical survival of direct and indirect
restorations in posterior teeth of the permanent dentition. Oper Dent.
2004;29(5):481-508.

2- Spencer P, Ye Q, Misra A, Goncalves SE, Laurence JS. Proteins,
pathogens, and failure at the composite-tooth interface. J Dent Res.
2014;93(12):1243-9. doi: 10.1177/0022034514550039

3- De Munck J, Van Landuyt K, Peumans M, Poitevin A, Lambrechts P,
Braem M, et al. A critical review of the durability of adhesion to tooth
tissue: methods and results. J Dent Res. 2005;84(2):118-32. doi:
10.1177/154405910508400204

4- Van Meerbeek B, De Munck J, Yoshida Y, Inoue S, Vargas M, Vijay
P, et al. Buonocore memorial lecture. Adhesion to enamel and dentin:
current status and future challenges. Oper Dent. 2003;28(3):215-35.
5- Heintze SD. Clinical relevance of tests on bond strength,
microleakage and marginal adaptation. Dent Mater. 2013;29(1):59-84.
doi: 10.1016/j.dental.2012.07.158

6- International Organization for Standardization. ISO/TS 11405:2015:
dentistry: testing of adhesion to tooth structure. Geneva: 1SO; 2015.
12 p.

7- Van Meerbeek B, Peumans M, Poitevin A, Mine A, Van Ende
A, Neves A, et al. Relationship between bond-strength tests and
clinical outcomes. Dent Mater. 2010;26(2):e100-21. doi: 10.1016/j.
dental.2009.11.148

8- Armstrong SR, Keller JC, Boyer DB. The influence of water storage
and C-factor on the dentin-resin composite microtensile bond strength
and debond pathway utilizing a filled and unfilled adhesive resin. Dent
Mater. 2001;17(3):268-76. doi: 10.1016/s0109-5641(00)00081-6
9- Morresi AL, D’Amario M, Capogreco M, Gatto R, Marzo G, D'Arcangelo
C, et al. Thermal cycling for restorative materials: does a standardized
protocol exist in laboratory testing? A literature review. J Mech Behav
Biomed Mater. 2014;29:295-308. doi: 10.1016/j.jmbbm.2013.09.013
10- Busscher HJ, Rinastiti M, Siswomihardjo W, van der Mei HC. Biofilm
formation on dental restorative and implant materials. J Dent Res.
2010;89(7):657-65. doi: 10.1177/0022034510368644

11- Beyth N, Bahir R, Matalon S, Domb AJ, Weiss EI. Streptococcus
mutans biofilm changes surface-topography of resin composites. Dent
Mater. 2008;24(6):732-6. doi: 10.1016/j.dental.2007.08.003

12- Svanberg M, Mjor IA, Orstavik D. Mutans streptococci in plaque
from margins of amalgam, composite, and glass-ionomer restorations.
J Dent Res. 1990,;69(3):861-4. doi: 10.1177/00220345900690030601
13- Auschill TM, Arweiler NB, Brecx M, Reich E, Sculean A, Netuschil L.
The effect of dental restorative materials on dental biofilm. Eur J Oral
Sci. 2002;110(1):48-53. doi: 10.1046/j.0909-8836.2001.101160.x
14- Hansel C, Leyhausen G, Mai UE, Geurtsen W. Effects of various
resin composite (co)monomers and extracts on two caries-associated
micro-organisms in vitro. J Dent Res. 1998;77(1):60-7. doi:
10.1177/00220345980770010601

15- Khalichi P, Cvitkovitch DG, Santerre JP. Effect of composite resin
biodegradation products on oral streptococcal growth. Biomaterials.
2004;25(24):5467-72. doi: 10.1016/j.biomaterials.2003.12.056

16- Singh J, Khalichi P, Cvitkovitch DG, Santerre JP. Composite resin
degradation products from BisGMA monomer modulate the expression
of genes associated with biofilm formation and other virulence factors
in Streptococcus mutans. J Biomed Mater Res A. 2009;88(2):551-60.
doi: 10.1002/jbm.a.31879

17- Borges FB, Lima EL, Machado FW, Boscato N, Van De Sande FH,
Moraes RR, et al. Effect of cariogenic challenge on the stability of
dentin bonds. J Appl Oral Sci. 2014;22(1):68-72. doi: 10.1590/1678-
775720130011

18- Bourbia M, Ma D, Cvitkovitch DG, Santerre JP, Finer Y. Cariogenic
bacteria degrade dental resin composites and adhesives. J Dent Res.
2013;92(11):989-94. doi: 10.1177/0022034513504436

J Appl Oral Sci.

19- Mutluay MM, Zhang K, Ryou H, Yahyazadehfar M, Majd H, Xu HH, et
al. On the fatigue behavior of resin-dentin bonds after degradation by
biofilm. J Mech Behav Biomed Mater. 2013;18:219-31. doi: 10.1016/j.
jmbbm.2012.10.019

20- Carrera CA, Li Y, Chen R, Aparicio C, Fok A, Rudney J. Interfacial
degradation of adhesive composite restorations mediated by oral
biofilms and mechanical challenge in an extracted tooth model
of secondary caries. J Dent. 2017;66:62-70. doi: 10.1016/j.
jdent.2017.08.009

21- Nawrocka A, Lukomska-Szymanska M. Extracted human teeth
and their utility in dental research. Recommendations on proper
preservation: a literature review. Dent Med Probl. 2019;56(2):185-90.
doi: 10.17219/dmp/105252

22- McCabe JF, Walls AW. The treatment of results for tensile bond
strength testing. J Dent. 1986;14(4):165-8. doi: 10.1016/0300-
5712(86)90019-9

23- Sahu SK, Dey DK, Aslanidou H, Sinha D. A Weibull regression model
with gamma frailties for multivariate survival data. Lifetime Data Anal.
1997;3(2):123-37. doi: 10.1023/a:1009605117713

24- Conrads G, de Soet JJ, Song L, Henne K, Sztajer H, Wagner-Dobler
I, et al. Comparing the cariogenic species Streptococcus sobrinus and
S. mutans on whole genome level. J Oral Microbiol. 2014;6:26189.
doi: 10.3402/jom.v6.26189

25- Hahnel S, Muhlbauer G, Hoffmann J, Ionescu A, Burgers R, Rosentritt
M, et al. Streptococcus mutans and Streptococcus sobrinus biofilm
formation and metabolic activity on dental materials. Acta Odontol
Scand. 2012;70(2):114-21. doi: 10.3109/00016357.2011.600703
26- Marsh PD. Are dental diseases examples of ecological catastrophes?
Microbiology. 2003;149(Pt 2):279-94. doi: 10.1099/mic.0.26082-0
27- Steinberg D, Eyal S. Early formation of Streptococcus sobrinus
biofilm on various dental restorative materials. J Dent. 2002;30(1):47-
51. doi: 10.1016/s0300-5712(01)00058-6

28- Soet 1], Toors FA, Graaff J. Acidogenesis by oral streptococci
at different pH values. Caries Res. 1989;23(1):14-7. doi:
10.1159/000261148

29- Soet 1], van Loveren C, Lammens AJ, Pavicic MJ, Homburg CH,
ten Cate IM, et al. Differences in cariogenicity between fresh isolates
of Streptococcus sobrinus and Streptococcus mutans. Caries Res.
1991;25(2):116-22. doi: 10.1159/000261353

30- Badawi H, Evans RD, Wilson M, Ready D, Noar JH, Pratten J. The
effect of orthodontic bonding materials on dental plaque accumulation
and composition in vitro. Biomaterials. 2003;24(19):3345-50. doi:
10.1016/s0142-9612(03)00166-2

31- Choi EJ, Lee SH, Kim YJ. Quantitative real-time polymerase
chain reaction for Streptococcus mutans and Streptococcus sobrinus
in dental plaque samples and its association with early childhood
caries. Int J Paediatr Dent. 2009;19(2):141-7. doi: 10.1111/j.1365-
263X.2008.00942.x

32-LiY, Carrera C, Chen R, Li J, Lenton P, Rudney ID, et al. Degradation
in the dentin-composite interface subjected to multi-species biofilm
challenges. Acta Biomater. 2014;10(1):375-83. doi: 10.1016/j.
actbio.2013.08.034

33- Zhang K, Cheng L, Wu EJ, Weir MD, Bai Y, Xu HH. Effect of water-
ageing on dentine bond strength and anti-biofilm activity of bonding
agent containing new monomer dimethylaminododecyl methacrylate.
J Dent. 2013;41(6):504-13. doi: 10.1016/j.jdent.2013.03.011

34- Soares CJ, Soares PV, Santos-Filho PC, Armstrong SR. Microtensile
specimen attachment and shape: finite element analysis. J Dent Res.
2008;87(1):89-93. doi: 10.1177/154405910808700116

35- Raposo LH, Armstrong SR, Maia RR, Qian F, Geraldeli S, Soares
CJ. Effect of specimen gripping device, geometry and fixation method
on microtensile bond strength, failure mode and stress distribution:
laboratory and finite element analyses. Dent Mater. 2012;28(5):e50-
62. doi: 10.1016/j.dental.2012.02.010

8/9 2020;28:€20190737



JAIN A, ARMSTRONG SR, BANAS JA, QIAN F, MAIARR, TEIXEIRAEC

36- Pongprueksa P, De Munck J, Karunratanakul K, Barreto BC, Van 37- Lapinska B, Konieczka M, Zarzycka B, Sokolowski K, Grzegorczyk
Ende A, Senawongse P, et al. Dentin bonding testing using a mini- J, Lukomska-Szymanska M. Flow cytometry analysis of antibacterial
interfacial fracture toughness approach. J Dent Res. 2016;95(3):327- effects of universal dentin bonding agents on Streptococcus mutans.
33. doi: 10.1177/0022034515618960 Molecules. 2019;24(3):532. doi: 10.3390/molecules24030532

J Appl Oral Sci. 9/9 2020;28:€20190737



