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Aim To investigate dentinal tubule invasion and the
predilection of Enterococcus faecalis for dentinal tubule
walls.

Methodology The invasion of dentinal tubules in
extracted human teeth by E. faecalis was measured
ex vivo after 8 weeks of incubation. The canal walls of
16 root sections were either intact or instrumented
with or without smear layer present. Extent and
maximum depth of tubule invasion were assessed
histologically and compared between groups. In the
adherence study, 44 vertically split root samples were
prepared to expose longitudinally aligned dentinal
tubules and fractured orthodentine (OD). Surfaces were
exposed to E. faecalis (erythromycin resistant strain,
JH2-2 carrying plasmid pGh9:ISS1) and incubated
aerobically for 2 h. Samples were processed for analysis

using scanning electron microscopy. Bacterial adhesion
to tubule walls versus fractured OD was calculated as
number of cells per 100 pm?.

Results The strain of E. faecalis used in this study
showed moderate to heavy tubule invasion after
8 weeks. In the adhesion studies, significantly more
bacteria adhered to fractured OD than to dentinal
tubule walls (ANova, P < 0.001). With respect to
the tubule wall, adherence was greater in inner
versus outer dentine (P = 0.02) and greater when
bacterial adhesion was tested in chemically defined
medium than in phosphate-buffered saline (aNova,
P < 0.001).

Conclusions Although E. faecalis readily invaded
tubules, it did not adhere preferentially to tubule walls.
Initial colonization of dentinal tubules by E. faecalis
may depend primarily on other factors.

Keywords: adherence, dentinal tubules, Enterococ-
cus faecalis, invasion.
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Introduction

Because apical periodontitis is usually caused by
bacteria, a major objective of root canal treatment is
to eliminate bacteria from infected root canals.
Although bacterial infection can be substantially
reduced by standard intracanal procedures (Bystrém
& Sundqvist 1981, Bystrém & Sundqvist 1983, Bys-
trom et al. 1985, Dalton et al. 1998), it is difficult to
render the root canal free from bacteria. Bacteria are
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located in inaccessible areas such as complicated root
canal anatomy and dentinal tubules, and it is difficult
to deliver antibacterial agents to these locations
(Haapasalo & Orstavik 1987, Berutti et al. 1997, Wu
et al. 2006). Bacteria may survive and recolonize the
root canal space whenever there is opportunity, and
this may become a focal source for persistent infection.

Bacteria are commonly found within dentinal
tubules of clinically infected canals (Ando & Hoshino
1990, Love & Jenkinson 2002, Siqueira et al. 2002).
Amongst these bacteria, Enterococcus faecalis is of
interest because it is the most frequently detected
species in root filled teeth with persistent lesions
(Molander et al. 1998, Sundqvist et al. 1998, Peciuliene
et al. 2000, Peciuliene et al. 2001, Rocas et al. 2004).
Some possible factors facilitating its long-term survival
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in the root canal system are its ability to invade
dentinal tubules (Orstavik & Haapasalo 1990, Love
2001), where it can survive for a prolonged period
under adverse conditions such as starvation (Hartke
et al. 1998, Figdor et al. 2003, Sedgley et al. 2005) and
the high pH of calcium hydroxide medication (Evans
et al. 2002, Gomes et al. 2002).

Although the mechanism of bacterial invasion is not
completely understood, bacterial adhesion to dentinal
tubule walls (TWs) is a logical early step in the process.
Collagen is widely considered to be the primary
substrate for specific binding of E. faecalis to dentine,
and the collagen binding protein of E. faecalis (Ace) and
a serine protease (Spr) have been proposed to play
significant roles in binding to the root canal wall
(Hubble et al. 2003). Ace also promotes E. faecalis
binding to collagen type I (Nallapareddy et al. 2000a,b)
and in vitro ace gene expression at 37 °C was enhanced
in the presence of collagen (Nallapareddy & Murray
2006). However, the interaction of E. faecalis specifi-
cally with dentinal tubules has never been investigated.

Understanding the pattern and mechanisms of initial
colonization of dentinal tubules by E. faecalis may assist
the development of more effective clinical procedures
for bacterial management and elimination. The aim of
this study was to investigate ex vivo tubule invasion
and adhesion to TWs by E. faecalis. Dentinal tubules
within intact dentine are normally inaccessible for
systematic investigation. Thus, for the adherence
study, human tooth roots were split longitudinally to
expose tubule surfaces. It was hypothesized that the
dentinal TW may be a selective site for bacterial
adherence and that alteration of dentine components
may influence initial colonization.

Materials and methods

Teeth

Root samples were prepared from extracted, intact
human teeth from young subjects, with complete root
formation, which had been stored in 1% (w/v) chlor-
amine T. Ethical approval was obtained from the
Health Sciences Human Ethics Subcommittee of the
University of Melbourne (HERC Project No. 050100).

Bacterial strain and growth conditions

Enterococcus  faecalis (erythromycin resistant strain,
JH2-2 carrying plasmid pGh9:ISS1, derived from the
parental strain JH2) (Jacob & Hobbs 1974) was grown
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overnight from glycerol stock cultures. Brain heart
infusion broth (Oxoid Ltd, Hampshire, UK) diluted in
deionized water (1 : 5) was used as growth medium
throughout the invasion study whilst chemically
defined medium (CDM) adapted from Pichereau et al.
(1999) was used in the binding study. CDM lacks any
added proteins or peptides, and consists of amino acids,
vitamins and minerals plus glucose. Erythromycin
(6.5 pg mL™!, Sigma, St Louis, MO, USA) was added
to media immediately before use. An overnight broth
culture was diluted 1:10 into 200 mL of fresh
medium and incubated at 37 °C.

In all experiments, the purity of all bacterial cultures
was determined by both Gram staining and by culture
analysis using Brain Heart Infusion (BHI) agar (Oxide
Ltd., Hampshire, UK) under both aerobic and anaerobic
conditions.

Tubule invasion study

Sample preparation

Sixteen premolar teeth with oval-shaped canals were
decoronated at the cemento-enamel junction (CEJ), and
2 mm of the apical root was removed with a diamond
saw. One side of the canal wall was prepared with
Gates—Glidden drills up to two sizes larger than the
original canal size, whilst the other side of the canal
was left intact (Fig. 1), providing both natural canal
wall and prepared canal wall in each root segment.

Figure 1 Histological sample prepared for Enterococcus faecalis
invasion study. One side of the root canal wall was enlarged
using Gates—Glidden drills (E), whilst the other side remained
intact (I). Prepared and intact root canal walls were divided
into three segments each for scoring purposes.

© 2008 International Endodontic Journal
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During canal preparation, root samples were divided
into two groups. In one group (n = 8), root canals were
irrigated with normal saline solution throughout the
preparation, leaving the smear layer intact. Root canals
in the other group were irrigated with 1% NaOCl and
17% ethylenediaminetetraacetic acid (EDTA) was left in
the canal for 3 min before final rinsing with 3 mL of
1% NaOClI solution. Thus, prepared root segments had
smear layer present or absent from the prepared canal
wall. Then, two dentine blocks per root (3 and 5 mm in
height) were obtained by transverse sectioning at levels
of 3 and 8 mm from the CEJ], using a low speed
diamond saw under copious coolant (Fig. 2). A bucco-
lingual groove 1.5 mm in depth was prepared at the
apical end of the 5 mm block to facilitate vertical
splitting after incubation. Prepared samples from each
tooth were individually stored in moist conditions and
sterilized by gamma irradiation (25 kGy).

Dentinal tubule invasion by Enterococcus faecalis

Sterilized root canal specimens were inoculated with
5 mL E. faecalis culture grown in diluted BHI broth
with added erythromycin (6.5 pg mL™!) and incubated
(37 °C) for 8 weeks. During the incubation period,
4.5 mL of the bacterial suspension was replaced with
fresh medium twice a week. At the end of the
incubation period, the 3-mm dentine blocks were
removed from the bacterial suspension, washed with
phosphate-buffered saline (PBS) and processed for
histological examination using light microscopy. The
5-mm dentine blocks were initially fixed with 2.5%
glutaraldehyde in PBS and longitudinally split with a
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Figure 2 Diagram of sample preparation for invasion study.
Teeth were decoronated and 2 mm of the apical root was
removed. One side of the root canal wall was left intact, whilst
the other side was enlarged using Gates—Glidden drills. After
sectioning, 3 and 5-mm dentine blocks were obtained. A 1.5-
mm bucco-lingual groove was made as the guide for root
splitting.
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sharp blade and prepared for scanning electron micros-
copy (SEM).

Sample processing for light and scanning electron
microscopy

The samples for light microscopy were processed
according to standard histological procedures. Tripli-
cate transverse 3-um decalcified sections from the
coronal third were obtained at the level of 2-3 mm
from the CEJ and stained with a modified Brown and
Brenn staining technique for observing any bacteria
located in dentinal tubules (Love 2001). Slides were
scanned using an automated scanner (ScanScope®,
Aperio Technologies Inc., Vista, CA, USA), which
provided a digital image for analysis using Image-
Scope™ software (Aperio Technologies Inc.).

Samples for SEM were fixed in 2.5% glutaraldehyde
in PBS, immersed in serial dilutions of acetone, critical
point dried and gold-sputter-coated for examination
under field emission SEM (FESEM, model XL30 FEG,
Philips, Eindhoven, the Netherlands).

Scoring of dentinal tubule invasion

The scoring system for tubule invasion was modified
from the tubule invasion index (TI) (Love 2001). An
imaginary line from the junction of the prepared and
natural root canal wall was drawn from one side of the
root canal wall to the opposite side (Fig. 1). The centre
of this line was identified and from this position, the
canal wall was divided into six segments including
three equal lengths of prepared canal sites and three
equal lengths of natural, unprepared canal wall. The
extent of bacterial invasion within each of these lengths
was determined by the number of tubules containing
bacteria (400x magnification). The extent of tubule
invasion by E. faecalis was scored O, 1, 2 or 3 when 0,
1-20, 20-50 or >50 tubules were infected in the
segment, respectively. The score O was interpreted as
nil, 1 as mild, 2 as moderate and 3 as heavy invasion
(Love 2001). The categorical data were then statisti-
cally analysed to compare the effect of smear layer on
the extent of tubule invasion using Pearson’s chi-
squared test, adjusted for clustering within tooth
samples, at 95% significance level.

The maximum depth of tubule invasion in yum was
also measured in each of the six compartments, as
mentioned previously, using the imaging processing
software. The maximum penetration depth of prepared
and natural canal sites from all sections were added
and averaged for the maximum penetration depth of
the group. The difference in maximum penetration
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depth amongst groups was statistically analysed using
a generalized linear model approach at 95% signifi-
cance level.

Adhesion to split dentine surface

Tooth preparation

Intact, noncarious premolar teeth were decoronated
and split vertically into two halves to expose longitu-
dinally aligned dentinal tubules and fractured OD
(Fig. 3). Although fractured OD is not normally acces-
sible to bacteria, the fractured surface of OD was used
as a control for adhesion relative to the TW. The
fractured surfaces were likely to have abundant
exposed mineralized collagen. Paired samples were
utilized to compare a range of treatment effects on
bacterial adhesion, including sterilization methods
(autoclaving and gamma irradiation vs. untreated
freshly split surfaces) and nutrient availability. Eight
split samples were assigned to each experimental
group. Split samples were sterilized by either autoclav-
ing (121 °C, 20 min) or gamma irradiation (25 kGy),
whilst nonsterilized fresh samples were copiously
washed with sterile de-ionized water.

Adherence conditions

Split dentine samples from each tooth were individually
immersed in 5 mL E. faecalis culture grown in CDM to
log phase (0.5-0.6 x 105cells per mL), except where
indicated, and incubated aerobically (37 °C, 2 h)
without shaking. CDM was used throughout this part
of the study to avoid any potential interference of
exogenous proteins with binding. After incubation,

Figure 3 Scanning electron micrograph showing Enterococcus
faecalis adherence to two exposed structures, orthodentine
(OD) and tubule walls (TW) of split dentine surface (9000x).
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samples were removed, washed three times (shaking at
120 rpm in PBS, 5 min) to remove nonadherent
bacteria and processed for SEM.

To investigate the effect of culture medium on
adhesion, paired dentine samples were exposed to
bacterial suspensions in either CDM or PBS. Bacteria
resuspended in PBS were grown in CDM to mid-
exponential phase (optical density = 0.6, 570 nm)
centrifuged (8000 g, 20 min, 4 °C), and resuspended
in PBS to the same cell density as the bacteria in CDM.
Cell density of bacteria in both groups was determined
by optical density measurement at a wavelength of
570 nm before exposure to tooth samples.

Evaluation of adherence to dentinal tubules

At each location (e.g. coronal inner dentine), 10
randomly selected nonoverlapping fields within the
overall area were imaged, beginning at a specific point
(e.g. 100 um from the pulpal surface). Scanning elec-
tron micrographs of inner and outer root dentine were
captured at 100-300 pum from root canal walls and
within 1 mm of the external root surface, respectively.

Bacterial adhesion was calculated as the average
number of bacterial cells per unit area of dentine
(100 ypm?), based on 10 separate fields. Bacteria
attached to different dentine surfaces (TW vs. fractured
OD) were counted, and the surface area of the two
structures (TW and OD) in each section was measured,
using a specific biological imaging program (Olysia®
Imaging Software, Olympus Corporation, Tokyo, Japan)
(Fig. 3).

The number of bacteria per 100 um? and the ratio of
TW/OD adherence at each location were calculated
and average values from each sample were compared
within and amongst groups with different variables.
Finally, adhesion to different dentine structures, loca-
tions and depths and the effect of sterilization methods
and growth activity on adhesion were statistically
analysed using aANovA (General Linear Model) at 95%
significance level.

Results

Bacterial invasion of tubules

The strain of E. faecalis used was able to invade dentinal
tubules to a heavy extent. Overall, both the extent of
tubule invasion and the maximum tubule penetration
into the natural root canal wall were significantly
greater than into the prepared root canal surface
(P < 0.001). There was a low extent of tubule invasion

© 2008 International Endodontic Journal
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Table 1 Extent of tubule invasion (median value) and average
of the maximum penetration depths (um) at different areas of
the canal surface irrigated with either saline (smear layer
present) or 1% NaOCl and 15% EDTA (smear layer removed)
after 8 weeks incubation at 37 °C

Extent of tubule
invasion?

Maximum penetration
depth (mean® = SE®) (um)

Unprepared Prepared Unprepared Prepared

canal canal canal canal
Saline 3 0* 202.4 + 16.2  31.3 + 12.3**
NaOCl 3 3 1939 + 15.3 156.2 + 25.3
and
EDTA

®Modified from tubule invasion index (TI) of Love (2001), where
0 = no invasion, 3 = heavy invasion.

PAverage of 81 values from eight roots irrigated with saline or
93 values from eight roots replicates irrigated with NaOCIl and
EDTA.

°Robust standard errors which adjust estimates for clustering of
values from tooth samples.

*Significantly different from all other groups (P < 0.001).
**Significantly less than the average maximum penetration
depth values of other groups (P < 0.001).

(median value: 0) with shallow bacterial penetration in
prepared canals irrigated with normal saline (i.e. with
smear layer present) (Table 1). Depth of tubule pene-
tration by E. faecalis in root canals with smear layer
removed was not significantly different in both
prepared (156.2 = 25.3 um) and unprepared areas of
the canal (193.9 £ 15.3 um) (ANova, P = 0.07).

Using SEM, bacterial invasion of tubules was irreg-
ular, with some tubules containing densely packed cells
whilst adjacent tubules were empty (Figs 4 and 5).
Morphological change was observed in densely packed
bacteria that appeared to be pleomorphic (Fig. 4),
whereas less densely packed bacteria (Fig. 5) retained
a typical round or oval shape. The surface texture of
tubules varied considerably with some tubules having
numerous exposed collagen fibres, whilst adjacent
tubules had a smooth surface (Fig. 5). Presence or
absence of intratubular bacteria was not dependent on
the tubule surface. When the smear layer was present,
large numbers of bacteria attached to the smear layer
with very few bacterial cells present in underlying
tubules (Fig. 6, Table 1).

Bacterial adherence

Dentine surfaces

For freshly split or gamma-irradiated dentine exposed
to bacterial cultures in CDM, mean values of bacterial
cells adhering to TW and OD at the coronal inner

© 2008 International Endodontic Journal

Figure 4 Scanning electron micrograph showing random
tubule invasion by Enterococcus faecalis. Whilst some tubules
were densely packed, the adjacent tubule was empty. Pleo-
morphic change was observed for bacteria densely packed in
dentinal tubules.

location ranged from 7.4 to 8.9 and 29.9 to 30.5 cells
per 100 um?, respectively (Table 2). Bacterial adhesion
to TWs was significantly and consistently less than to
fractured OD (P < 0.001) in all experimental condi-
tions applied (Table 2). Even when collagen fibres
lining the inner TW were clearly visible, little adher-
ence occurred (Fig. 7). The average ratio of adherent
cells to TW versus OD at coronal inner dentine from all
experiments ranged from 0.3 to 0.5. The ratios were
not affected by most test conditions applied, including
sterilization method, location and media.

Sterilization method

Whilst the extent of E. faecalis adhesion was similar in
freshly split and gamma-irradiated samples (ANOVA,
P = 0.6), significantly less adhesion (approximately
one-third) was found with autoclaved samples
(P < 0.001) (Table 2).

Location

Significantly greater adherence of E. faecalis to dentinal
TWs occurred at inner versus outer dentine (P = 0.02)
(Table 2). Adherence to TWs of coronal dentine was
not significantly greater than in apical dentine
(P = 0.4) (Table 2).

Medium

Dentine specimens exposed to bacterial cultures grown in
CDM had approximately double the bacterial adherence

International Endodontic Journal, 41, 873-882, 2008
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Figure 5 Scanning electron micrograph showing the pattern
of tubule invasion. (a) Dentinal tubules at the intact pulpal
surface were randomly invaded by Enterococcus faecalis cells.
(b) Colonization of E. faecalis in dentinal tubules approximately
100 um from the pulpal surface. Some tubules were occupied
by bacteria, whilst adjacent tubules were empty.

compared to specimens exposed to bacteria resuspended
in PBS (ANova, P < 0.001) (Table 2).

Discussion

In this study, E. faecalis was chosen as the test organism
because it is known to invade dentinal tubules in vitro
(Haapasalo & @rstavik 1987, Love 2002, Weiger et al.
2002) and appears to be associated with persistent
periapical pathosis (Molander et al. 1998, Siqueira &
Rocas 2004, Stuart et al. 2006). Examples of factors
facilitating its presence in filled root canals with
persistent lesions include the ability to invade dentinal
tubules (Haapasalo & Orstavik 1987, Love 2002,
Weiger et al. 2002), ability to tolerate the high pH of
calcium hydroxide (Evans et al. 2002) and ability to
withstand long periods of starvation with subsequent

International Endodontic Journal, 41, 873-882, 2008

Figure 6 Scanning electron micrograph showing root canal
wall covered with smear layer. Bacteria can be seen associated
with the smeared surface and no tubule invasion was present.

recovery in the presence of serum (Figdor et al. 2003).
It was also shown to survive long term in the root canal
even without additional nutrients (Sedgley et al. 2005).
The E. faecalis strain used here has been widely used in
other endodontic studies that investigated the effects of
antimicrobial agents (Turner et al 2004, Rossi-Fedele &
Roberts 2007), starvation (Appelbe & Sedgley 2007),
resistance to high pH (Evans et al 2002) and most
importantly invasion of dentinal tubules (Love 2001).
This study has confirmed the invasion of dentinal
tubules by this bacterium. The depth of tubule invasion
in the present study is slightly higher than the reported
depth of bacterial penetration in clinical samples with
periapical lesions, which ranged between 10 and
150 um (Sen et al. 1995). The heavy extent of tubule
invasion is comparable to results from a previous
experimental study of E. faecalis in which the TI was
used as a scoring system (Love 2001). These results
demonstrate that the strain is suitable as a representative
of bacteria with the ability to invade dentinal tubules.
Significantly less tubule invasion was found in
prepared canals irrigated with normal saline solution,
compared with other groups. This was caused by the
presence of smear layer and smear plugs that impede
tubule invasion (Love 2002). Greater invasion was
observed in prepared canals when the smear layer was
removed by irrigation with NaOCl and EDTA. The
similar extent of tubule invasion in natural canal wall
and prepared canal with smear layer removed showed
that E. faecalis was able to invade tubules in conditions
of both primary infection and persistent infection. This

© 2008 International Endodontic Journal
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Table 2 Mean and standard deviation of
bacterial adherence and tubule wall

Bacterial adherence? (cells per

100 pm?)
(TW)/orthodentine (OD) ratio values of
samples in groups with different sterili- Tubule wall Orthodentine )
zation methods, locations or media Factors Subgroup (mean = SD) (mean = SD) TW/OD ratio
Sterilization Gamma irradiated 8.9 5.7 29.9 + 12.0 0.3 £0.1
method? (n=16)
Autoclaved (n = 16) 3.2+2.0 9.2+6.4 0.4 +0.1
Freshly split (n = 16) 7.4 +4.2 30.5 = 27.2 0.3+0.2
Location Coronal inner 9.1+ 3.6 28.7 £ 5.6 0.3 +0.1
(n=12) Coronal outer 5.0+23 23.1+34 0.2 £ 0.1
Apical inner 6.1+ 4.0 23.4+11.8 0.3 0.1
Apical outer 29+14 19.8 £ 2.7 0.1+ 0.1
Media CDM 8.7 +4.4 24.8 + 8.9 0.36 + 0.1
(n=28) PBS 3619 9.5+5.1 0.5+0.4

CDM, chemically defined medium; PBS, phosphate-buffered saline.

?Paired-split surface samples from the eight roots were used to compare two treatment
methods (gamma irradiation vs. autoclaving, gamma irradiation vs. freshly split and
autoclaving vs. freshly split group). Therefore 48 split root samples from 24 roots were
included in this experiment.

might support the recent finding that equal amounts of
E. faecalis were detected in both situations using PCR
techniques (Gomes et al. 2006).

The geometry of dentinal tubules with a narrow
lumen (1-2 um) and considerable length (2-3 mm)
complicates experimental studies of dentine binding.
Therefore, vertically split root samples were utilized for
the adherence study. TWs throughout their length
were equally exposed to bacteria, making systematic
investigation possible. Using split root samples also
provided access to fractured OD, which is not normally
exposed. Bacterial adherence to fractured OD could be
used as a reference for the less mineralized OD surface
compared with more highly mineralized peritubular
dentine of the TW.

Although moderate to heavy tubule invasion was
found after 8 weeks of incubation, E. faecalis had only
limited tendency to adhere to the surface of dentinal
tubules. These observations suggest that E. faecalis has
only a low predilection for tubules and that coloniza-
tion may be influenced by other factors such as
adhesin-related gene expression, nutrient conditions,
amount of peritubular dentine deposition and ability of
bacteria to proliferate as chains (Love et al. 1997). In
this study, adherence was evaluated using bacteria
grown in CDM rather than in BHI (as was used for
tubule invasion). For adherence, it is essential to avoid
the presence of any exogenous proteins or peptides that
may interfere with binding. It is possible that the
expression of cell surface receptors is affected by the
growth medium used; however, cells grown in both

© 2008 International Endodontic Journal

BHI and CDM were found to bind readily to collagen-
coated wells in a separate study (data not shown).
Whilst the extent of bacterial adhesion to the dentine
surface may be influenced by nutrient conditions, it
cannot account for the low adherence of bacteria to
TW relative to OD.

Adherence is considered to be the first step for bacterial
colonization of host tissue, including tubule invasion,
and is mediated by bacterial specific cell-surface compo-
nents (adhesins) (Patti et al. 1994). It has been shown
that Ace (collagen-binding protein of enterococci) pro-
moted E. faecalis adhesion to some extracellular matrix
proteins including collagen type I (Nallapareddy et al.
2000a). As collagen type I is the main organic compo-
nent of dentine, it is widely considered to be a major
substrate for E. faecalis binding to dentine. A study of
mutant strains of E. faecalis also showed that Ace and
serine protease (Spr) played significant roles in E. faecalis
binding to root canal walls (Hubble et al. 2003). In that
study, however, the canal walls had been subjected to
instrumentation with endodontic files, and the resultant
smear layer (Drake et al. 1994, Hiilsmann et al. 2003,
Teixeira et al. 2005) was not removed prior to the
measurement of binding. Hence, their results may reflect
bacterial adherence to smeared dentine rather than
binding to natural root canal wall.

Most studies of E. faecalis Ace function were per-
formed in vitro at 46 °C because of the low level of ace
gene expression at 37 °C (Nallapareddy et al. 2000a,
Nallapareddy & Murray 2006). However, it has been
shown in both in vivo and in laboratory studies that
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Figure 7 Two scanning electron micrographs showing more
adherence of Enterococcus faecalis to fractured orthodentine
(OD) compared to tubule wall surface (TW) (9000x). This
characteristic was observed whether collagen fibres were
clearly visible on the tubule wall (CF) or whether the tubule
had a smooth wall (SW).

bacterial colonization of dentinal tubules does occur at
37 °C, including this study. Evidence of anti-Ace
antibodies detected in human sera collected from
patients with E. faecalis endocarditis has also been
reported (Nallapareddy et al. 2000b). Moreover, in vitro
expression of Ace was shown to be induced during
some specific conditions such as early growth phase
(Hall et al. 2007) and the presence of collagen type I or
serum (Nallapareddy & Murray 2006) or elevated
temperature (Xiao et al. 1998, Hubble et al. 2003).
Thus, the regulation of ace gene expression in vivo may
be enhanced by specific conditions or the presence of
substrate and it may play a role in E. faecalis binding in
vivo. Considerable tubule invasion may also be influ-
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enced by stress such as low nutrient conditions during
the incubation period or the presence of unmineralized
collagen. However, other receptors, substrates, not yet
identified binding sites, bacterial hydrophobicity and
electrostatic charges that may play roles in initial and
nonspecific dentine binding must still be considered.

When dentine specimens were exposed to bacteria
suspended in PBS (i.e. non-nutrient conditions), there
was less bacterial adhesion to the dentine surface
compared with bacterial cultures in CDM. One possible
explanation for this difference is that metabolic activity
may be required for the expression of specific proteins
(receptors) on the cell surface that is expressed mainly
in the presence of an inducer (i.e. collagen type I).
Bacterial cells suspended in PBS would be unable to
synthesize new protein because of lack of an energy
source. However, other explanations cannot be ex-
cluded such as differences in other constituents of the
two media that might influence adherence. In this
regard, CDM rather than a protein containing medium
(such as BHI) was used so that no exogenous proteins
were present during dentine adhesion.

In the present study, less bacterial adherence
occurred to autoclaved dentine, compared with gam-
ma-irradiated and freshly split dentine. As collagen is
generally considered to be the substrate for binding to
dentine (Love and Jenkinson 2002, Hubble et al. 2003),
less E. faecalis adherence to autoclaved teeth may be
caused by alteration of dentine components such as
collagen by autoclaving (White et al. 1994).

The different levels of bacterial adherence at different
locations may result from varying extents of peritubu-
lar dentine deposition, with its higher mineral and
lower collagen content in outer root dentine compared
with inner dentine. Love (1996) also reported low
bacterial adherence (Streptococcus gordonii) to outer
sclerotic dentine. This difference seems to support the
significance of organic matrix components in bacterial
binding. The deposition of more mineralized dentine
with increasing age may explain the variations in
adherence amongst tooth samples, which is in agree-
ment with an earlier study (Siqueira et al. 2002).

The ability of E. faecalis to grow as chains has been
suggested as another explanation for the moderate to
high extent of tubule invasion (Love & Jenkinson
2002), in spite of its low affinity for dentinal tubules. It
is possible that only adherence to the tubule orifice is
required for invasion. After initial attachment to the
poorly/nonmineralized pre-dentine at the tubule ori-
fices, deeper penetration may not require specific
binding as invasion may result from intratubular cell
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growth (Love & Jenkinson 2002). This somewhat
speculative suggestion has not been investigated sys-
tematically but deserves further study.

In this study, scanning electron micrographs showed
densely packed bacteria within tubules, with irregular
shape (Fig. 4), whilst less densely packed cells retained
normal morphology (Fig. 5). It is possible that bacteria
themselves may occupy dentinal tubules and impede
access of medium to bacteria, leading to nutrient
deprived conditions of bacteria in the deeper part of the
tubule. SEM in a previous study showed that alteration
in shape of some E. faecalis JH2-2 cells was observed
within 3 to 7 weeks after incubation in oligotrophic
conditions (Hartke et al. 1998). This extreme starved
condition may be applicable to explain the pleomorphic
shape of packed cells in dentinal tubules with possibly
low nutrient condition in this study.

Conclusion

Under the experimental conditions, a strain of E. faecalis
readily invaded dentinal tubules even though the
organism seemed to have low affinity for TWs. Dentine
components may include selective factors for bacterial
adherence and invasion as implied by the effect of
autoclave sterilization. Also, adherence was higher in
the less mineralized inner dentine than outer dentine.
However, low adherence was observed regardless of the
appearance of the TW surface. Therefore, the initial
colonization of dentinal tubules by E. faecalis may be
primarily dependent on other factors such as the
environmental conditions inducing surface receptor
related gene expression. The further investigation of
such factors that may play roles in tubule colonization
and possible competitive agents is still necessary. Under-
standing these mechanisms may lead to development of
novel clinical strategies to inhibit bacterial colonization
and to manage these infections in the future.
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