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Bacterial entombment by intratubular mineralization
following orthograde mineral trioxide aggregate
obturation: a scanning electron microscopy study

Jun Sang Yoo'*, Seok-Woo Changz’*, So Ram Oh?, Hiran Perinpanayagam4, Sang-Min Lim’, Yeon-Jee Yoo>,
Yeo-Rok Oh', Sang-Bin Woo', Seung-Hyun Han®, Qiang Zhu’ and Kee-Yeon Kum’

The time domain entombment of bacteria by intratubular mineralization following orthograde canal obturation with mineral trioxide
aggregate (MTA) was studied by scanning electron microscopy (SEM). Single-rooted human premolars (n=60) were instrumented to an
apical size #50/0.06 using ProFile and treated as follows: Group 1 (n=10) was filled with phosphate buffered saline (PBS); Group 2
(n=10) was incubated with Enterococcus faecalis for 3 weeks, and then filled with PBS; Group 3 (n=20) was obturated orthograde with a
paste of OrthoMTA (BioMTA, Seoul, Korea) and PBS; and Group 4 (n=20) was incubated with E. faecalis for 3 weeks and then obturated
with OrthoMTA-PBS paste. Following their treatments, the coronal openings were sealed with PBS-soaked cotton and intermediate
restorative material (IRM), and the roots were then stored in PBS for 1, 2, 4, 8 or 16 weeks. After each incubation period, the roots were
split and their dentin/MTA interfaces examined in both longitudinal and horizontal directions by SEM. There appeared to be an increase in
intratubular mineralization over time in the OrthoMTA-filled roots (Groups 3 and 4). Furthermore, there was a gradual entombment of
bacteria within the dentinal tubules in the E. faecalis inoculated MTA-filled roots (Group 4). Therefore, the orthograde obturation of root
canals with OrthoMTA mixed with PBS may create a favorable environment for bacterial entombment by intratubular mineralization.
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INTRODUCTION caused by dissolution of calcium hydroxide within MTA could be ‘self-

The role of bacteria in initiating and perpetuating pulp and periapical
disease is well established." Therefore, the purpose of endodontic
treatment is to eliminate microorganisms from the root canal system,
and to prevent recontamination by creating a fluid-tight seal between
the canal and the obturating material.” For this purpose, a material
which can completely seal the infected root canal system would be
ideal for clinical practice. However, previous studies showed that cur-
rent root canal obturation materials such as gutta-percha and/or poly-
mer-based materials cannot provide a bacteria-tight seal.>™

Mineral trioxide aggregate (MTA) has been successfully used as a
biomaterial in both surgical and nonsurgical endodontics. MTA has been
shown to provide superior sealing’ and biomineralization ability,® despite
concerns about the macro- or microporous structure of the material
caused by inadequate water-to-powder ratio, insufficient packing or
water evaporation.” " Indeed, it has been reported that the porosity

repaired’ by mineral precipitates such as calcium silicate hydrate gel that
is formed by the hydration reaction of the material,'”>™" and the tag-like
structures formed at the MTA/dentin interface.'*™"> These characteristic
structures appear to be important in sealing dentinal tubules and biomi-
neralization of the material. For biomineralization, the interaction of
MTA and phosphate-buffered saline (PBS) triggers the initial precipita-
tion of calcium-deficient carbonated apatites via an amorphous calcium
phosphate phase, which further promotes the process."**'*™'® Further-
more, it has been reported that these carbonated apatites promote the
formation of an interfacial layer with tag-like structures at the MTA/
dentin interface."! Consequently, MTA-induced biomineralization may
be enhanced if PBS is used as the mixing vehicle for hydration. However,
there have not been any studies on the effectiveness of MTA-PBS paste as
an obturation material, and little is known about the capacity for MTA-
induced biomineralization to entomb bacteria in infected root canals.
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OrthoMTA (BioMTA, Seoul, Korea) is a newly developed MTA
cement for orthograde root canal obturation, that is mainly composed
of tricalcium silicate and contains less heavy metal than the original
ProRoot MTA (Dentsply, Tulsa, OK, USA)." Therefore, the aim of
this study was to examine the effects of MTA-induced biomineraliza-
tion with regard to bacterial entombment in dentinal tubules, by using
OrthoMTA-PBS paste as the root canal obturation material. The null
hypothesis was that the OrthoMTA-PBS obturation can effectively
entomb bacteria by intratubular mineralization in Enterococcus faeca-
lis-infected root canals.

MATERIALS AND METHODS

Selection and preparation of teeth

This study was carried out under the approval of the Institutional
Review Board of Seoul National University Dental Hospital, Seoul,
Korea. Sixty human single-rooted premolars with fully formed
apices that were without root cracks or defects when viewed under
a microscope (OPMI Pico, Carl Zeiss, Germany) were collected
from patients undergoing extractions for orthodontic reasons
in the Department of Oral and Maxillofacial Surgery. All of the
teeth were decoronated with a Minitom saw (Struers, Rodovre,
Denmark), and apical patency was obtained with a size #10 stain-
less steel K-file (Dentsply, Tulsa, OK, USA). The working length
was determined to be 1 mm short of the apical foramen when
visually inspected with a size #10 stainless steel K-file (Dentsply,
Tulsa, OK, USA). The coronal third of the canals were flared with
Gates Glidden burs #2—4 (Komet, Rock Hill, SC, USA). The canals
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were then instrumented to an apical size #50/.06 with a crown-down
technique using ProFile 0.04 and 0.06 Ni-Ti rotary instruments
(Dentsply Maillefer, Ballaigues, Switzerland), and copiously irrigated
with 5.25% sodium hypochlorite and 17% ethylenediaminetetraacetic
acid (EDTA) between instruments. The smear layer was removed from
the canal walls by immersing the specimens for 5 min each in 17%
EDTA (pH 7.2) followed by 5.25% sodium hypochlorite within an
ultrasonic bath (Elmasonic 1 Ultrasonic Cleaner; Camlab, Cambridge,
UK). They were then rinsed copiously with distilled water and dried
with paper points. Finally they were autoclaved at 121 C for 15 min to
ensure that there was no bacterial contamination, and then incubated in
brain heart infusion (BHI) broth at 37 C for 24 h. The roots were
stored at 37 C in 100% humidity until use.

Bacterial inoculation and root canal obturation
The schematic diagram provides an overview of the experimental
procedures (Figure 1). Roots were randomly assigned to four
groups that determined whether or not they would receive an
inoculation and/or an MTA obturation. Group 1: 10 sterile roots
were filled with PBS; Group 2: 10 inoculated roots were filled with
PBS; Group 3: 20 sterile roots were orthograde filled with
OrthoMTA-PBS; Group 4: 20 inoculated roots were orthograde
filled with OrthoMTA-PBS paste. Each group was further subdi-
vided into five subgroups for the observation periods 1, 2, 4, 8 and
16 weeks.

Enterococcus faecalis was grown overnight in BHI broth, adjusted to
a turbidity of 0.5 on the McFarland scale (1.5X10° CFU-mL™") and
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Figure 1 Schematic drawing of experimental flow chart used in this study. G1 (Group 1), no bacterial inoculation and filled with PBS; G2 (Group 2), bacterial
inoculation and filled with PBS; G3 (Group 3), no bacterial inoculation and filled with OrthoMTA-PBS paste; G4 (Group 4), bacterial inoculation and filled with
OrthoMTA-PBS paste into root canal. Each specimen was sectioned in a way that allows cross-sectional, longitudinal and apical examination by SEM. MTA, mineral
trioxide aggregate; PBS, phosphate-buffered saline; SEM, scanning electron microscopy.
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inoculated into all root canal lumens in Groups 2 and 4. All of the roots
were then placed into conical tubes containing fresh BHI (20 mL) that
was replaced every second day, and incubated for 3 weeks at 37 Cina
humidified incubator with 5% CO, (BBD 6220 CO, incubator;
Thermo Fisher Scientific, Waltham, MA, USA). The purity of the
cultures was confirmed by gram staining, catalase production and
colony morphology on BHI blood agar.

Following this incubation, the root canals were copiously irri-
gated with saline and dried with sterile paper points. Then, all of
the canals in Groups 3 and 4 were filled to their working length
with OrthoMTA cement (BioMTA, Seoul, Korea). The OrthoMTA
powder was mixed with PBS (liquid/powder=0.3) with a sterile
plastic stick, and an MTA carrier (BioMTA, Seoul, Korea) was used
to insert MTA incrementally into each canal. An OrthoMTA Ni-Ti
compactor and hand pluggers (BioMTA, Seoul, Korea) were used
alternatively to condense the MTA increments and prevent voids.
The OrthoMTA compactor was applied with a continuous, slight
pecking movement using a reduction handpiece (128:1; W & H
Dentalwerk Burmoos GmbH, Burmoos, Austria) and electric motor
(TCM 3000; Nouvag AG, Goldach, Switzerland) at 60 r-min~". All
of the obturations were performed by a single endodontist, and
radiographs were taken to ensure that the canals were adequately
filled and without voids. Similarly, the canals in Groups 1 and 2 were
filled with PBS. Then, the cervical 3 mm of all root canals were packed
with PBS-soaked sterile cotton and sealed with intermediate restora-
tive material (IRM; Dentsply Caulk, Milford, DE, USA). Finally, the
roots were stored in sterile plastic vials containing 20 mL of PBS that
was replaced weekly for 1, 2, 4, 8 or 16 weeks at 37 C.

Scanning electron microscopy analysis

At the end of each incubation period (1, 2, 4, 8 and 16 weeks), each
root was aseptically transferred from its vial to a Teflon beaker that was
covered with sterile foil (Nalgene Labware, Rochester, NY, USA). The
roots were then split in half by creating two parallel longitudinal
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grooves on their outer surfaces with slow-speed carborundum disks
(Henan Meijiasheng Trading, Zhengzhou, China), and using sterile
long-handled end cutting pliers (Channellock, Meadville, PA, USA).
To prevent contamination, the beaker was kept covered throughout
this process. Each sample was prefixed with a PBS solution of
2.5% glutaraldehyde and 2% paraformaldehyde (pH 7.2) at 4 'C
overnight and washed 3 times with PBS solution (pH 7.2). For
post fixation, each sample was treated with 1% osmium tetroxide
for 1.5 h then washed three times with distilled water and dehy-
drated in graded ethyl alcohol (70%-80%-90%-95%—-100% each
for 15 min and 100% for 15 min). The samples were dried with
hexamethyldisilazane in air overnight before coating with ion-
beam sputtering. The split roots were then mounted on aluminum
stubs, sputter coated with a 30 nm layer of gold and examined both
longitudinally and cross-sectionally along the MTA-dentin interfaces
of the canals by Scanning electron microscopy (SEM, Model $4700;
Hitachi, Tokyo, Japan). The voltage was set to 15 kV, the type of signal
used was secondary electrons, the working distance was 12 mm and
the scan speed was 16 frames per 20 s. The central areas of each sample
were photographed.

RESULTS

There were no mineral precipitates in dentinal tubules of all the non-
MTA filled root in Groups 1 and 2 until 16-weeks’ observation period
(Figure 2a and 2b), whereas the formation of uniform tag-like struc-
tures was generally found over entire surface at coronal (Figure 2c and
2d), middle (Figure 2e and 2f) and apical (Figure 2g and 2h) parts of all
the MTA-filled root in Groups 3 and 4.

In Group 3, the formation of tiny leaflet-like crystalline structures
indicated a biomineralization process on the dentinal tubular surface
in a 1-week specimen (white arrows, Figure 3a and 3b). In a 2-week
sample, it was observed that the tag-like structures obstructed the
entrance of dentinal tubule and the crystalline structures were formed
inside the dentinal tubules (Figure 3c). The 4-week sample showed

Figure 2 All the samples of MTA-filled group showed uniform formation of tag like structure that obliterates the dentinal tubules. (a) SEM view of a representative
specimen showing no mineral precipitation at 16-weeks specimen in Group 1 (X5 000). (b) SEM view of a representative specimen showing a few E. faecalis scattered
in dentinal tubules at 16 weeks specimen in Group 2 (white arrows, X5000). (c) The orifices of coronal dentinal tubules were obliterated by the short tag-like
precipitates (X500). (d) These short tags matched exactly the entrances of all dentinal tubule orifices (X3 000). (e) The middle dentinal tubules were obliterated
(x500). (f) The magnified view of obliterated middle dentinal tubules (X3 000). (g) In this oblique cutting image, the apical dentinal tubules were obliterated by long
tags (x2000). (h) The numbers and sizes of apical dentinal tubules were small. All dentinal tubules were also effectively filled with the hydration product of MTA. MTA,

mineral trioxide aggregate; SEM, scanning electron microscopy.
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Figure 3 SEM views of representative specimens in Group 3. (a) SEM showing a rare, scattered distribution of leaflet-like crystals in a 1-week specimen of Group 3
(white arrows, xX10000). (b) In 1-week specimen of Group 3, a magnified view of tiny leaflet-like crystals (white arrows, X100 000) indicated epitaxial growth on the
dentinal tubular surface. (c) A 2-week specimen of Group 3 showing the formation of leaflet-like crystals (white arrows) and tag-like structure (TS, yellow arrow) in a
dentinal tubule in Group 3 (X30000). (d) A 4-week specimen of Group 3 showing that crystal formation was initiated simultaneously on almost whole surface of the
dentinal tubules (X 10 000). The white arrow shows that the leaflet-like crystalline structures were increased and packed densely in the dentinal tubules. (e) An 8-week
control specimen of Group 3 showing almost complete obstruction of dentinal tubules by the newly formed crystalline structures in Group 3 (white arrow). The yellow
arrow indicates that even the intercanalicular space could be filled completely with newly formed crystalline structures (X 10000). (f) A cross-sectional scanning
electron microscopic view of a 16-week specimen in Group 3 (X30000). The lumen of dentinal tubule was almost completely obstructed with newly formed crystalline
structures. (g) A SEM view showing that apical foramen was obturated with newly formed crystalline structures, in a 4-week sample of Group 3 (X35). (h) A magnified
view of the square area in g. The newly formed crystalline structures were observed at the surface of set MTA which obturated the apical foramen, in a 4-week sample of

Group 3 (X10000). SEM, scanning electron microscopy.

crystalline structures forming simultaneously on the entire surface of
the dentinal tubules observed (white arrow, Figure 3d). After 8 weeks,
the specimen showed obstruction of the dentinal tubules by newly
formed crystalline structures (white arrow, Figure 3e). A cross-sec-
tional SEM view of a 16-week specimen showed almost complete
obstruction of the dentinal tubule lumens by growth of newly formed
crystalline structures (Figure 3f). Not only dentinal tubules but also
the apical foramen was shown to be obliterated with newly formed
crystalline apatite structures in 4-week specimens in Group 3
(Figure 3g and 3h).

In Group 4, the dentinal tubules harbored E. faecalis, and the
distinctive crystalline structures had not yet formed in 1-week
sample (white arrow, Figure 4a). In the 2-week sample, the nee-
dle-like crystalline structures grew along the entire wall of the
dentinal tubules (white arrows, Figure 4b), indicating that bac-
terial entombment had begun in this period. A 4-week specimen
showed E. faecalis entombment resulting from narrowing of the
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infected dentinal tubules by the formation of leaflet-like crystals
(Figure 4c). The yellow arrow reveals a crumbled appearance of
E. faecalis. A magnified view of the yellow rectangular area in Figure 4c
showed that each E. faecalis bacterium is being entombed by a
growing crystalline structure (Figure 4c). An 8-week sample showed
the almost complete obstruction of the lumen of the infected
dentinal tubule by leaflet-like crystalline structures and entombed
bacteria (white arrow). The yellow arrows showed the sites that
E. faecalis had been entombed and detached in the process of
preparing the samples for SEM (Figure 4e). The 16-week sample
showed that newly formed crystalline structures appeared in tiny
needle-like structures (yellow arrow) or as an agglomerate of
leaflet-like structures (white arrow) in almost the whole dentinal
tubule (Figure 4f). The crystalline structures were formed in the
apical foramen area of a 12-week sample (Figure 4g), which showed
a small amount of needle-like crystals among the plate-like ones
(Figure 4h).
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Figure 4 SEM views of representative specimens in Group 4. (a) A 1-week specimen showing a dentinal tubule occupied by E. faecalis (white arrow) in Group 4; the
formation of the distinctive crystals was not yet observed in the dentinal tubule (10 000). (b) A 2-week specimen showing the initial stage of E. faecalis entombment
by the gradual formation of needle-like crystals along the entire wall of the infected dentinal tubules (white arrows, X 10000). (c) A 4-week specimen showing E.
faecalis entombment resulting from narrowing of the infected dentinal tubules by the formation of leaflet-like crystals (10 000). The yellow arrow reveals a crumbled
appearance of E. faecalis. (d) A magnified SEM view of yellow rectangular area in c. E.faecalis bacterium is being entombed by growing crystalline structure
(X30000). Yellow arrow shows the damaged cell membrane of E. faecalis. (e) An 8-week specimen showing obstruction of the infected dentinal tubules and
entombed bacteria (white arrows) by leaflet-like crystals. The yellow arrows show that E. faecalis had been entombed and lost from the dentinal tubules in the process
of preparing the sample for SEM (< 10000). (f) A 16-week specimen showing complete blockage of the dentinal tubules by an aggregation of leaflet-like (white arrow)
and needle-like (yellow arrow) crystals (X 10000). (g) A 12-week specimen showing OrthoMTA obturated at apical foramen area (x50). (h) A magnified SEM view of
white rectangular area in g showed small amount of needle-like crystals (yellow arrow) among the plate-like ones (white arrow) (x5000). MTA, mineral trioxide

aggregate; SEM, scanning electron microscopy.

DISCUSSION

This is the first study to have shown bacterial entombment by intratub-
ular mineralization over time following orthograde obturation with
MTA. The entombment of intracanal bacteria was suggested by
Sundqvist and Figdor™ to be one of the main objectives of root canal
obturation. However, the entombment of bacteria within the root canal
space has not been achieved by with either gutta percha or Resilon
obturation materials. Gutta-percha used with sealers fail to seal the dent-
inal wall.* Although the resin-based sealers in Resilon could effectively
penetrate the dentinal tubules in moist dentin, they are still susceptible to
the effects of matrix metalloproteinase in the dentin matrix.*"~* In con-
trast, MTA has been shown to resist leakage at a higher rate when placed
in a moist environment such as the root canal system.”

Furthermore, recent studies have suggested that MTA-induced
mineralization could be enhanced by the use of PBS. It was reported
that the addition of phosphate to Portland cement that has a similar
composition to MTA, accelerated the hydration reaction which
improved the flexural strength and reduced the solubility of the set

material.** Calcium and phosphate ions in PBS could precipitate
amorphous calcium phosphate,® which is a precursor of hydroxya-
patite, and thereby promote carbonated apatite deposition and
strengthen the MTA/dentin interface.'® Indeed, Martin et al*®
reported that immersion in PBS improved the marginal seal of MTA
apical plugs. However, until now, there have not been any reports on
the use of PBS as the mixing vehicle for MTA, and on its capacity to
stimulate intratubular mineralization.

In every OrthoMTA-PBS paste-filled specimens, short tag-like
structures obliterated the entrance of the dentinal tubules and long
tag-like precipitates filling the dentinal tubule lumens were routinely
observed. These characteristic features might decrease the nutritional
supply to the intratubular bacteria, and their further growth into
dentinal tubule might reduce the available space for bacterial survival
and growth. The phosphorus required in intratubular crystalline
growth process seems to have been supplemented from the dentinal
fluid,*” as was reported by by Camilleri e al.*® The depletion of intra-
tubular phosphorus might result in the inhibition of E. faecalisbecause
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the phosphorus ion is essential to the survival of E. faecalis.*® This
bacterial entombing mechanism under moisture condition is a unique
feature of MTA not previously reported in any of the other root canal
filling materials. Considering the superior sealing ability’® and phy-
siochemical and bioactive properties®' 7 of the material as well, MTA
appears to be a potential benefit as a root canal obturation biomaterial.

The chemical profile of the crystalline precipitates formed in this
study was not fully confirmed yet. The crystalline structures observed
in OrthoMTA-PBS filled roots might be carbonated apatites, resulting
from biomineralization of hydrated MTA.'*>*7* A recent study
speculated that intratubular crystalline precipitation induced by
MTA is partly related to the transformation of metastable amorphous
calcium phosphate phase into an apatite phase. Moreover, the plate-
like crystals and needle-like crystals observed at the apical foramen
(Figure 4h), as reported in the study of Teng et al.,*® might possibly are
octacalcium phosphates and hydroxyapatites, respectively. Further
studies to investigate chemical profiles of these structures are needed.

Although its intratubular biomineralization ability, MTA has some
drawbacks such as irretrievability, tooth discoloration, and slow set-
ting time as a canal obturation material.>* Also, there are concerns
regarding the possibility of bacterial ingress by the formation of voids
or porosities within MTA and at the MTA/dentin interface after
obturation'' or hydration.”™'* Therefore, orthograde MTA obturation
should be carefully performed to minimize the possible formation of
voids/porosities and limited in selected clinical cases until its long-
term benefits and prognosis is further confirmed.

CONCLUSION

Under the limitation of the present study, orthograde canal obturation
with OrthoMTA-PBS paste could induce amorphous tag-like struc-
ture formation and intratubular crystalline growth over time which
effectively entombs the intratubular bacteria. The present study sug-
gests the potential antibacterial effect of orthograde obturation with
OrthoMTA-PBS paste in infected root canals.
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