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Objectives. Secondary caries is the most common reason for  composite restoration replace-

ment and usually forms between dentin and the filling. The objective of this study was to

investigate the combined effect of cyclic loading and bacterial exposure on bacterial pene-

tration into gaps at the interface between dentin and resin composite restorative material

using a novel bioreactor system and test specimen design.

Methods. Human molars were machined into 3  mm  thick disks with 2 mm deep × 5 mm diam-

eter cavity preparations into which composite restorations were placed. A  ∼15–30 �m (small)

or ∼300 �m wide (large) marginal gap was introduced along half of the interface between

the dentin and restoration. Streptococcus mutans UA 159 biofilms were grown on  each sam-

ple prior to testing each in a  bioreactor both with and without cyclic loading. Both groups

of samples were tested for 2 weeks and post-test biofilm viability was confirmed with a

live-dead assay. Samples were fixed, mounted and cross-sectioned to reveal the gaps and

observe the depth of bacterial penetration.

Results. It was shown that for  large gap samples the bacteria easily penetrated to the full

depth of  the gap independent of loading or non-loading conditions. The results for all cycli-

cally loaded small gap samples show a consistently deep bacterial penetration down 100%

of  the gap while the average penetration depth was only 67% for the non-loaded samples

with only two of six samples reaching 100%.

Significance. A new bioreactor was developed that allows combining cyclic mechanical load-

ing and bacterial exposure of restored teeth for bacterial biofilm and demineralization

studies. Cyclic loading was shown to aid bacterial penetration into narrow marginal gaps,

which could ultimately promote secondary caries formation.
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1.  Introduction

Key driving forces behind the increased use  of dental compos-
ite materials are their tooth-like appearance [1] and lack of the
potentially toxic element mercury that is present in  amalgam
[2,3]. Additional clinical advantages include enhanced con-
servation of tooth structure [4],  the ability to be bonded to
enamel and dentin surfaces [5],  convenient handling, and  the
ready availability of a wide range of  tooth shades. However,
annual failure rates up to 15% have been reported for com-
posite restorations, depending on restoration class [6],  and a
review of the literature has suggested the average lifetime of
posterior dental composites is only 6  years [7].

The most common reason for restoration replacement is
secondary tooth decay (dental caries) at a dentin-restoration
interface [8–12],  while the second most observed reason is
restoration fracture caused by occlusal loading combined with
chemical and physical degradation of the restorative material
in the oral environment [13].  Furthermore, it is known that
the appearance of secondary caries is associated with bac-
terial biofilm formation on  the dentin-restoration interface.
Indeed, the biofilm byproduct lactic acid promotes deminer-
alization of the adjacent dentin which can lead to tooth decay
[14,15].

Although bacterial biofilm formation is considered a nec-
essary ingredient, the presence of the biofilm alone does
not guarantee secondary tooth decay [16]. Numerous stud-
ies have identified the presence of bacteria within marginal
gaps between the restoration and the dentin [17–19],  and the
presence of such gaps is likely an important factor as well.
No clinical correlation between marginal gap size and bacte-
rial colonization has been found for resin based composite
restorations [20];  however, clinical data is limited and recent
in vitro evidence from microbial caries models shows dem-
ineralization along the cavity walls  of composite restorations
increasing in magnitude with larger gap sizes [21,22]. Overall,
there is a need for further studies to better understand the fac-
tors that control secondary caries formation at the marginal
interface between composite restorations and tooth dentin.

Another complication is  that teeth are also subjected to
cyclic loading during mastication, bruxism (grinding), etc.
Cyclic loading may promote marginal gap formation and
growth; indeed, some studies have shown the degradation of
restoration margins during cyclic mechanical loading [23–27].
Furthermore, it has been demonstrated that the presence
of bacteria and a marginal gap does not guarantee further
caries formation [15,28,29].  Thus, there may be an additional
role of cyclic mechanical loading beyond simply creating a
marginal gap or growing it  above a critical size to allow
bacterial penetration. Based on  a survey of the available lit-
erature, understanding the mechanism of recurrent decay at
the margins of dental composite restorations likely requires
the evaluation of  the simultaneous effects of bacterial biofilm
presence, marginal gaps, and cyclic loading. To  date, no such
studies have been reported.

Accordingly, the objectives of this paper are the following:
(1) to describe a novel bioreactor based test method and test
specimen design that has been developed to allow cyclic
mechanical loading of simulated tooth restorations within a

growing oral biofilm environment, and (2) to  study the syner-
gistic effects associated with bacteria and cyclic loading on  the
marginal penetration of  bacteria around dental restorations.

2.  Materials  and  methods

2.1.  Bioreactor  fatigue  test  system

While bioreactor systems are commonly used for the in  vitro
study of  oral biofilms in controlled laboratory settings [30–35],
to date no such systems allow the simultaneous application
of cyclic loading to  the test sample. The goal was  to  develop a
simulated tooth restoration sample that is practical to  repro-
ducibly manufacture and test to study dental restorations
in a simulated oral environment with growing biofilms and
without external contamination. The sealed bioreactor must
provide nutrients to the bacteria in a 5% CO2 environment at
37 ◦C, while applying cyclic stress to the restoration.

For the sample design, the physiological size of human
teeth dictated the maximum possible dimensions. Based on a
survey of typical human teeth it was determined 9 mm diame-
ter disks could be readily machined from the crowns of human
molars. Such disks allow the placement of a 5  mm diameter
composite restoration on one side (Fig.  1a).

A simple radial symmetric biaxial bending and shear load-
ing geometry was selected to allow even loading on the
composite/dentin interface through the backside of bonded
restorations with no gaps (Fig. 1a). Loading is applied in the
center of the sample by a hemispherical loading rod, while
the sample sits on  a ring shaped support. The loading rod
was guided into the center of  the bioreactor using linear
bearings that were housed in  the bioreactor upper covers
(Fig. 1b). To avoid external contamination, the loading rods
passed through a  flexible rubber barrier where the hole was
undersized relative to the rod  diameter to ensure a  seal was
maintained throughout testing. The use of individual bioreac-
tor cells provided a sealed system for individually testing each
simulated restoration (Fig. 1b). The bioreactors were fabricated
from stainless steel to provide a durable, stiff platform for
loading the specimens while also minimizing corrosion and
allowing for autoclave sterilization. Bioreactors consisted of
five interlocking elements denoted as the upper cover, lower
cover, rubber barrier, base and sample stand. The two cover
elements and base were manufactured from 316 stainless
steel and made up the exterior of  the bioreactor. Viton O-rings
were used between parts to  ensure a sealed system connected
with four 316 stainless steel bolts. In order to  create an  active
area for loading, the sample stand (Fig. 1a  and b) was designed
with a 7.0 mm diameter rounded edge ring that supported
the sample.  The sample stand was machined from 17-4 stain-
less steel heat treated at 482 ◦C  for 60 min  after machining to
achieve peak strength for supporting the specimens. Locating
pins were  integrated into the lower cover and allowed for the
sample to be both located and constrained within the bioreac-
tor and centered over the sample stand for symmetric loading.
These locating pins were designed to  mesh with the bioreactor
base, sample stand and sample itself.

Required nutrients and pH buffering were provided via
brain-heart infusion (BHI) liquid media. 5% CO2 in  air was
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Fig. 1 – (a) Schematic of the simulated tooth filling sample and the loading configuration; at right, the dentin is made
transparent to  observe the composite disk and support ring. (b) Exploded view of a bioreactor test cell. (c) Schematic of the
load distribution system for loading three bioreactor test cells simultaneously.

flowed through the upper fluid inlet/outlet set (Fig. 1b)
and controlled with a pressure regulator. BHI media flowed
through the lower fluid inlet/outlet set (Fig. 1b). The BHI media
flow was  designed with the inlet set below the sample and
the outlet set above the sample to  ensure that liquid cov-
ered the entire specimen throughout testing and  fresh media
continuously flowed past the bottom, or stressed, side of
the sample. Liquid flow was controlled using low flow peri-
staltic pumps (Model FB 70381, Thermo Fisher Scientific Inc.,
Waltham, MA,  USA), with one pump per bioreactor inlet (push-
ing) and an additional pump on each bioreactor outlet (pulling)
to minimize fluids “backing-up” within the chambers. The
tube dimensions were 3.175 mm  inside diameter and 6.35 mm
outside diameter (Fischer Scientific, Pittsburgh, PA, USA).

Cyclic fatigue stress was applied using a  computer con-
trolled, servohydraulic fatigue test system (Model 8872,
Instron Corporation, Norwood, MA,  USA). A ball bearing was
used to evenly distribute the load to  three loading rods for
three separate bioreactors (Fig.  1c). Applied loads were col-
lected for each sample with individual universal fatigue load
cells (Model LCF300, FUTEK Advanced Sensor Technology Inc.,
Irvine, CA, USA). The load distribution system was monitored
over a 2 week period of cyclic loading and the maximum dif-
ference between bioreactors never exceeded 5%.

Temperature was maintained throughout testing with the
use of a temperature controlled water  bath. The bioreactors
and inlet fluid tubing were partially immersed in deionized
(DI) water and the temperature was controlled using a digi-
tal immersion circulator (Polystat, Cole-Parmer, Vernon Hills,
IL, USA). Within the bath, the temperature at the bioreac-
tor locations was  found to be maintained at  37 ± 0.2 ◦C using
thermocouples. To  protect the bath water from mold/bacterial
contamination, 5  ml  of  SterilityAqua-clean (Thermo Fisher
Scientific Inc., Waltham, MA,  USA) was added per each liter
of water. The sealing of  the individual bioreactors was  verified
by pumping water dyed with red food coloring through the

entire system for 2 weeks  and observing that no color change
occurred in the bath water.

2.2.  Sample  preparation

Simulated dental restorations were  produced in recently
extracted human molar teeth (Fig.  1a) that were disinfected
by storage in 0.5% chloramine-T solution. The teeth were
mounted in  dental stone to the cementoenamel junction, and
then horizontally sectioned on a diamond saw to remove
the cusps. The teeth were carefully examined for  cracks,
caries and presence of enamel on  the flattened tooth sur-
face. If  cracks or caries were found, the tooth was discarded.
If enough enamel remained such that the entire gap portion
of the cavity preparation margin would not be in dentin, the
specimen was reduced using 180 grit sandpaper until ade-
quate dentin was uncovered. The mounted specimen was
placed in a computer-controlled milling system (CNC speci-
men former, U. of Iowa) and subjected to three preparation
regimens: (1) The first preparation flattened the sectioned
occlusal surface to ensure a uniformly finished and  flat-
tened tooth surface; (2) the second prepared the exterior
tooth dimensions to a  circular 9  mm diameter dimension with
two slots opposing each other for placement of the guid-
ing pins on the bioreactor; (3) the final program resulted in
5 mm diameter, 2  mm deep cylindrical cavity preparations.
The teeth were then horizontally sectioned to just above the
pulp horns, leaving a slab  of tooth 3 mm thick and  9 mm
diameter with a flat surface of predominantly dentin with
some peripheral enamel. The composite used in this study
had a resin composed of a 50:50 mixture of bisphenol A gly-
cidyl methacrylate (BisGMA):triethylene glycoldimethacrylate
(TEGDMA) monomers with 0.4 wt% of  camphorquinone (CQ),
0.8 wt% of 4-dimethylaminobenzoic acid ethyl ether (EDMAB),
and 0.05 wt% of  3,5-di-tertbutyl-4-hydroxytoluene (BHT). The
composite was produced by combining the resin with 67  wt%
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silanated strontium glass (3.0 �m  average size, Bisco Inc.,
Schaumburg, IL, USA) and 5 wt%  aerosol-silica filler (OX-50,
Degussa) and mixed at 3000 rpm for at  least 2 min  in a cen-
trifugal speed mixer (DAC 150, Flacktek, South Carolina).

To observe bacterial colonization of marginal gaps, roughly
half of the circumference of the restorations were produced
with an interfacial gap. The cavity was filled with compos-
ite by first applying a dentin bonding agent to the floor and
one half of the walls of the cavity. A self-etch, two-step adhe-
sive (Clearfil SE Bond) was  used. The self-etching primer was
applied for 20 s with light scrubbing of the dentin walls  and
floor and then lightly air dried. The adhesive resin was  applied
to the cavity and light cured for  10 s. In  order to  keep the adhe-
sive off of the surface not meant to be bonded, a flexible shim
made of polyvinylsiloxane impression material was  molded to
the wall to protect it  during adhesive application. After curing
the adhesive, the composite was placed into the cavity either
with a lubricated metal shim to produce a large gap ∼300 �m,
or no shim which allowed the composite to shrink away from
the non-bonded wall  producing small gaps of approximately
15–30 �m.  The composite was  cured with a single exposure
from the curing light (20 s – total radiant exposure ∼12 J/cm2;
Demi Light, Kerr, Orange, CA, USA). Then the shim, if  present,
was removed. The sides and bottom of the dentin samples
were then coated with a dental adhesive (Optibond FL, Kerr,
Orange, CA, USA) in order to  seal them from the acidic environ-
ment and prevent demineralization of these surfaces. Finally,
the surface of  the cavity margins were exposed by  polishing
with coarse grit silicon carbide disks (Sof-lex, 3M ESPE, St. Paul,
MN, USA) in a slow-speed handpiece. The specimens were
then stored in sterile water  before being further sterilized.

2.3.  Sample  sterilization

Two sample sterilization techniques were evaluated, one using
a sodium hypochlorite (bleach) solution and  one using 1%
chloramine T. For the bleach procedure, freshly prepared tooth
cavities were  sterilized by (1) soaking in 50% household bleach
solution for 1  h  in an ultrasonic water bath, (2) soaking for
10 min  in 5% sodium thiosulfate solution in water ultrasonic
bath to remove the chlorine, and  (3) washing three times in
autoclave sterilized deionized (DI) water for 5 min  in water in
an ultrasonic bath. Sterilized teeth were filled with compos-
ites and then put into 15 ml  autoclaved brain heart infusion
(BHI) media and incubated at 37 ◦C, 5%  CO2 and 95% relative
humidity (BBD 6220 incubator, Thermo, Asheville, NC, USA) to
assess sterility. Samples were observed over a  >2 week period
to ensure the media stayed clear and no biofilm appeared on
the surface indicating the samples were  sterile.

For the chloramine T  procedure, the teeth with prepared
cavities were stored for 1  week in  1%  chloramine T at  22 ◦C
then rinsed with autoclaved water and stored in  sterile water
overnight before being filled with composite. After filling, the
specimens were soaked for 1 h in 70% ethanol, and then
washed three times with sterile water before being placed in
to BHI media to check for sterilization as described above. It
should be noted that other sterilization procedures, such as
UV, ethylene oxide gas, prolonged alcohol soaking, were all
tried, but caused damage/changes to the tooth and/or com-
posite and were therefore discontinued.

2.4.  Biofilm  growth  procedure

For samples tested with a living biofilm, after the sterilization
procedure the samples were co-cultured with Streptococcus
mutans using the following procedure. Bacterial cultures were
prepared by growing S. mutans (UA 159 from American Type
Culture Collection (ATCC), Manassas, VA) in  planktonic form
using BHI media. The cultures were monitored by visible light
at 600 nm to  ensure that the bacteria were growing in loga-
rithmic phase. Once they reached a suitable density, 6  ml  of
bacterial broth was transferred to culture plates containing
the samples. At this time, trypticase soy broth (TSB) with 3%
sucrose was  used to encourage biofilm formation. Samples
were incubated under previously described conditions for  4
days, changing media each day, until a visible biofilm was
observed.

2.5.  Test  procedure

Two  weeks was  chosen as the length of test based on typ-
ical demineralization studies found in the literature [36,37].
Indeed, results within this study showed that 2  weeks  was  long
enough to see a robust, measurable demineralization. The
cyclic (sine wave) loading schedule was chosen as  alternating
blocks of 2 h cyclic loading at 1.5 Hz and 4 h  held at the mini-
mum load. A maximum load of ∼113 N  was used, which is 25%
of the average breaking force (450 N)  for samples tested using
monotonically increasing quasi-static loading (n =  5). The min-
imum cyclic load was always set as 10% of the maximum
load, or 11.3 N. The 4  h  resting time was chosen to  represent
a normal time between meals and  also should provide ample
opportunity for the biofilm to  grow and potentially double [39]
before being subjected to  loading again. While the 2  h  cyclic
loading time is not clinically relevant, it provides a compro-
mise to attain a large number of cycles within the total test
period. Considering that a person may chew at about 1.5 Hz
[38],  and that the actual chewing time per day  may be con-
servatively estimated as about 20 min, this would equate to
1800 chews/day or 657,000 chews/year. An intermittent cycling
phase of 2  h  followed by 4  h  without cycling gives a total of
43,200 cycles per day, or approximately 605,000 cycles in 2
weeks. Thus, the total number of  cycles is  equivalent to nearly
1 year of  normal human exposure.

Table 1  shows the four types of experiments that were con-
ducted to  assess both the viability of the bioreactor fatigue
testing system and synergistic effects of mechanical loading
and bacteria (Table 1). Many of the procedures were common
among experiments while differences are noted in  Table 1  and
the following section.

For types I and III experiments the bleach sterilization
procedure was used since it enabled the maintenance of  a
100% sterile environment through the course of  the 2  week
test, ensuring the system design was adequately sealed from
external contaminants. However, it was also found that this
procedure deteriorated the dentin. This deterioration was
observed as a whitening of the tissue after the test, observed
primarily after drying, and a loss of mechanical integrity that
caused the dentin to erode under the loading rod during type
III experiments (Fig. 2). Thus, for type II and IV experiments
the chloramine-T procedure was used. While chloramine-T
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Table 1 – Summary of experiments.

Experiment type Cell environment Loading Outcomes

I Sterile BHI media None (1) Ensure system remains sterile
(2) Monitor samples for degradation

II Streptococcus mutans in BHI media None (1) Monitor gap for  changes due only to
bacterial attack

III Sterile BHI media Cyclic (1) Ensure system remains sterile
(2) Monitor samples for degradation

IV Streptococcus mutans in BHI media Cyclic (1) Monitor gap for  synergistic effects of
loading and bacteria

Fig. 2 – Image of the discoloration and dentin erosion on
the loading surface of  the specimen directly under the
loading pin that occurred for type III experiments using the
bleach sterilization method.

was found not to degrade the dentin, it  also was found not
to give 100% sterilization. However, it  was  observed that this
sanitation procedure was adequate to allow S. mutans biofilm
growth without excessive competition from other organisms
found in the tooth tissue.

Dehydrated BHI media (Thermo Fisher Scientific Inc.,
Waltham, MA,  USA) was  prepared according to manufacturer
instructions. A separate 2 L Erlenmeyer glass flask was used
as the media supply for each bioreactor. Each flask was sealed
by a rubber stopper with a glass tube (7 mm dia.) penetrating
it and reaching the bottom of  the flask. When the fluid was
pumped out of  the flask, air was  allowed to enter the flask
through a stainless steel syringe needle penetrating the rubber
stopper. A 0.2 �m  syringe filter (Acrodisc@ Syringe filter 0.2 �m,
Pall Corporation, Port Washington, NY, USA) was inserted on
the needle in order to avoid contamination of  the media from
the air. The flow of  media was maintained at approximately
0.5 ml/min per bioreactor using the peristaltic pumps.

Each 2 L of media was autoclaved along with the flask, glass
tube, cork, tubing, bioreactors, and loading rods for 45 min
at 221 ◦C. All components were  then allowed to cool to  room
temperature under sterile conditions in a BioSafety Cabinet
(Baker SterilGARD III,  The Baker Company, Sanford, ME, USA)
prior to assembling the bioreactor with the sample inside. The
media source was  replenished approximately every 3 days by
replacing the flasks with freshly prepared media. A 5%  CO2–air

mixture was flowed through a 0.2 �m  syringe filter into each
bioreactor at  a low flow rate to  just maintain visible bubbles at
the outlet. The enhanced CO2 helps provide pH buffering for
the media.

Media leaving the bioreactors was  collected into a waste
container and used to check for contamination during types
I and III  experiments. Every 3 days one drop of waste media
from the exit tube of each bioreactor was placed onto a BHI
agar plate (Anaerobe Systems, Morgan Hill, CA, USA) and incu-
bated for 24–48 h  to check for  contamination.

After completion of the types I and III  experiments, the
bioreactors were opened in  a biosafety cabinet and samples
were put into 10 ml sterile BHI media and again incubated
using the previously described conditions to ensure the
absence of bacterial activity. After the completion of type II and
IV experiments, samples were subjected to a live/dead stain-
ing procedure (Life Technologies Live/Dead BacLight Bacterial
Viability Kit) following the kit manufacture’s protocol and the
biofilm was evaluated under confocal fluorescent microscopy
to ensure the biofilm was still viable at the end of the exper-
iments. Once sterility or  biofilm viability was confirmed the
samples were fixed in  10 ml  4%-gluteraldehyde and held at  a
temperature of 4 ◦C overnight.

For gap analysis the biofilm was carefully removed from the
surface with a swab, avoiding the gap  area, and the surface was
impressed with a dental vinyl polysiloxane impression mate-
rial (Aquasil Ultra, Dentsply). The impression was later poured
in epoxy to make a replica of  the surface and the margin for
examination in  the SEM to determine if debonding or further
gap formation occurred as a result of the loading in  the biore-
actor. The specimens were gram positive stained by applying
crystal violet dye (Difco Laboratories, Detroit, MI,  USA), rinsing,
and applying iodine to  bind the dye to  the bacteria. Samples
were then mounted in LR white resin (London Resin Company
Ltd, Reading, Berkshire, England), sectioned in  half on a  slow
speed diamond saw, and finally examined under the stereo-
microscope for the presence of dentin demineralization and
the extent of penetration of the stained bacterial biofilm. The
sample half with the greatest apparent demineralization from
the stereomicroscopic evaluation was further examined with
confocal laser scanning microscopy (BioRad/Zeiss Radiance
2100 confocal laser scanning system) using a 4×/0.2 objective.
A GRE/Ne laser source  with excitation band at  543 nm wave-
length and a 570 nm long pass filter was  used to  detect the
stained bacteria in  the biofilm. Image  J (NIH) was used to  assess
bacterial penetration, which was quantified as a fraction of the
total depth of the gap and a Student’s t-test was  used to com-
pare the loaded and non-loaded cases with  ̨ ≤  0.05 considered
statistically significant.
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Fig. 3 – Evaluation of  marginal gaps of large gap sample. Panel (a) is with loading (type IV) and panel (b) is without loading
(type II). Purple gram positive staining shows the bacterial penetration into the full extent of the gaps while darkening of
the dentin indicates demineralization (white arrows) (For interpretation of  the references to color in this figure legend, the
reader is referred to  the web version of  this article).

3.  Results  and  discussion

Most bioreactor studies are conducted in a well controlled
biosafety cabinet environment where potential sources of

external contamination (bacteria, fungi, etc.) can be easily
controlled. In the present study, that was done for type I and
II experiments. In contrast, a significant challenge for the cur-
rent system was to develop a bioreactor and test protocol
sufficiently robust to  integrate into a standard servo-hydraulic

Fig. 4 – Panels a–d show marginal gaps of  four different loaded (type IV) small gap samples, all panels are configured as in
Figs. 3 and 6. Red shows the bacterial penetration, which was fully to the bottom of the restoration for  all loaded samples
(For interpretation of  the references to  color in this figure legend, the reader is referred to the web version of this article).
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Fig. 5 – Panels a–d show marginal gaps of  four different non-loaded (type II) small gap samples, all panels are configured as
in Figs. 3 and 6. Red shows the bacterial penetration, which was highly variable for the non-loaded samples (For
interpretation of the references to color in this figure legend, the reader is referred to  the web version of this article).

fatigue testing system found in a typical laboratory envi-
ronment. Types I and  III experiments both served to  ensure
external contaminants did not enter the bioreactors during
the 2 week test  period and that the samples did not degrade
in the absence of  bacteria. Results of both types I and III
experiments using the above procedures typically showed
no external contamination of the system during the testing
period. However, observations of bleach sterilized samples
from types I and III tests indicated structural degradation of
the samples (Fig. 2) that motivated the use of chloramine T as
an alternative sample sterilizing agent.

For types II and IV experiments, live/dead staining after
each experiment showed  that biofilms were viable on  all
samples. Further gram positive staining and cross sectioning
revealed biofilm presence on  the surface, in the gaps of
the samples, and penetrating to  the full depth of the gap
for the large gap samples. As Fig. 3  shows, observations
of the marginal gaps revealed that for large  gap (∼300 �m)
samples, there was considerable bacterial penetration and
demineralization both with and without loading (type II and
IV experiments). Once it was found that bacteria penetrated

easily into the large gaps both with and without loading
(Fig. 3), experiments were instead focused primarily  on the
small gap samples.

Samples with small gaps showed differences in  bacterial
penetration depending on  whether the sample was cyclically
loaded (Fig. 4) or not loaded (Fig. 5). With fatigue loading
(Fig. 4) the bacteria penetrated deeply to the floor of the cavity
preparation for  all six samples. With  no loading, the biofilm
penetration down the gap was  often less severe (Fig. 5). Only
two of  six  samples had full biofilm penetration and the average
penetration depth was only 67%. The results for all samples
are summarized in  Table 2.

Unlike the consistent results for the cyclically loaded
samples, penetration depth for the non-loaded samples was
highly variable (20–100%). A Student’s t-test comparing the
mean penetration depths for loaded and non-loaded samples
showed the difference was statistically significant (p <  0.05).
Although there is large scatter in the non-loaded sample data,
it can be clearly seen that four out of  six  of  the non-loaded
samples had incomplete bacterial penetration. Demineraliza-
tion within the small confines of the interfacial gap likely
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Table 2 – Percentage of biofilm penetration down the gap
for loaded and non-loaded samples.

Sample Bacterial penetration (%)

Loaded Non-loaded

1 100 50
2 100 100
3 100 100
4 100 86
5 100 43
6 100 20
Mean (stdv) 100 (0) 66.6 (33.5)

results in a saturated solution and  an increase in pH above the
critical level required for demineralization to  occur. In a stag-
nant environment, demineralization is likely limited or ceases
altogether. Thus, cyclic loading is aiding bacterial penetration
which may be due to a hydraulic pumping effect whereby the
gap closes and opens under the cyclic loading, helping to bring
fresh media and bacterial cells into the gap, while possibly
removing some of the saturated solution and bacterial waste
from the gap.

Finally, the well-bonded margins were evaluated after load-
ing (type IV) experiments and results revealed superficial
angular gap formation and bacterial demineralization to be
accelerated along the bonded interface relative to  the bulk
dentin (Fig. 6). Bacterial exposure in  this case  leads to a local
stress concentration that over time, combined with cyclic
loading, may lead to  the complete interface debonding, deep
bacterial penetration, and secondary caries around and under
the restoration.

Based on Fig. 3,  it may  be concluded that when the gaps are
large (∼300 �m wide) bacteria have free access to  colonize the
gaps and demineralize the dentin along the marginal inter-
face. Accordingly, one may expect the effect of cyclic loading
for large gap samples to be minimal. In  contrast, for small gap
samples (∼15–30 �m wide) access of the bacteria deep into the
gap appears to be more  difficult, especially with no cyclic load-
ing (Fig. 5). Accordingly, it  is likely that the synergistic effects of
bacterial exposure and loading are most important early in the

Fig. 6 – A well bonded margin evaluated for a cyclically
loaded (type IV)  sample showing preferred
demineralization at  the bonded composite-dentin interface
relative to the bulk dentin.

process of gap formation and secondary caries development.
Currently the mechanistic role of cyclic loading is unclear;
however, one hypothesis might be  that a pumping effect due to
cyclic loading allows nutrients and bacteria to  flow more  easily
into the small gaps while possible helping to remove saturated
fluid and harmful metabolic waste products. Alternatively, the
bacteria may sense the stress on the surfaces which somehow
aids the attachment and colonization process. In any case, the
bioreactor fatigue test system presented here represents a rea-
sonable methodology for the study of the role of  cyclic loading
on biofilm colonization, proving that the combination of cyclic
loading and bacterial exposure may  assist secondary caries
propagation. Furthermore, it will also be useful for evaluating
new restorative materials (e.g., such as those described in  [40])
that are intended to slow or prevent secondary tooth decay.

4.  Conclusions

Based on an  experimental study using a novel bioreactor sys-
tem and test methodology to study the synergistic effects of
cyclic loading and bacterial exposure on simulated tooth fill-
ings in  vitro, the following conclusions can be made:

• It was found that complete sterilization of  the samples
was achieved using a sodium hypochlorite based procedure,
but significant mechanical degradation of the tooth tissue
occurred. In contrast, a chloramine-T based procedure did
not achieve perfect sterilization; however, the mechanical
integrity of the sample remained intact.

• Cyclic loading did not appear to  affect biofilm penetra-
tion into large gaps (∼300 �m wide) since bacteria appear
to have easy access. In contrast, non-loaded experiments
using small gap (∼15–30 �m wide) samples demonstrated
deep 100% penetration of bacteria into the gaps for only
two out of six  samples while cyclic loading caused deep
100% bacterial penetration for all samples. Mean penetra-
tion depth was found to be 67% vs. 100% for  non-loaded
versus load samples, respectively.

• There is strong in  vitro evidence of  a synergetic effect of
cyclic loading and  bacteria exposure that aides bacterial
biofilm penetration at  the dentin-restoration margin, pos-
sibly leading to faster secondary tooth caries development
in vivo.
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