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faecalis in Dentinal Tubules: An Ex Vivo Study
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'Department of Operative Dentistry and Endodontics, Mahidol University Faculty of Dentistry, Bangkok, Thailand
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Objective: The aim of this study was to investigate the bactericidal effect of various concentrations of triple
antibiotic paste (TAP) against Enterococcus faecalis (E. faecalis) in dentinal tubules using a bacterial culture
assay and confocal laser scanning microscope (CLSM).

Methods: Ninety human teeth were contaminated with E. faecalis (ATCC 29212) and randomly allocated into
5 groups; the negative control (without TAP), 1 mg/ml, 5 mg/ml, 7.5 mg/ml and 10 mg/ml TAP (n=18). After a
3-week TAP treatment, samples were collected from the root canal space, root dentin at 100-um and 200-pm
depth. The collected samples were subjected to a bacterial culture assay (n=10). Eight roots from each group
underwent CLSM analysis to determine the live/dead bacterial cells.

Results: The bacterial culture assay results indicated that the negative control samples were all culturable.
The number of culture-positive samples decreased after TAP treatment at 1, 5, 7.5 and 10 mg/ml, with 2, 2,
1 and 0 culturable samples, respectively. However, there was no significant difference among the TAP treat-
ments. Surprisingly, the CLSM analysis demonstrated live bacteria in the dentinal tubules in all samples. The
negative control had 52.36%3.24 live bacteria. TAP treatment at 10 mg/ml had the lowest percentage of live
bacterial cells (40.58%%5.40), followed by 7.5 mg/ml (44.14%+6.03), 5 mg/ml (46.31%+5.32) and 1 mg/ml
(52.55%=8.82). The percentage of live cells in the 10 mg/ml, 7.5 mg/ml and 5 mg/ml TAP groups were signifi-
cantly lower than the 1 mg/ml TAP and negative control groups.

Conclusion: TAP treatment significantly decreased the percentage of viable E. faecalis cells in the dentinal
tubules and its bactericidal effect was dose-dependent.

Keywords: Dentinal tubule contamination, enterococcus faecalis, live/dead assay, triple antibiotic paste

« Thisis the first study that used a dentinal tubule contamination method in human teeth to
evaluate the bactericidal effect of TAP.

« Although 1,5, 7.5 and 10 mg/ml of TAP decreased the culture-positive root canal samples,
the differences between groups were not significant.

« The bacterial culture assay results indicated that only the high concentration of TAP (10
mg/ml) completely eradicated E. faecalis in the dentinal tubules.

+ The CLSM analysis revealed that, including at a high TAP concentration (10 mg/ml), live
bacteria were detected in the dentinal tubules.

INTRODUCTION

Disinfection during Regenerative Endodontic
Procedures (REPs) is challenging and is required
for tissue regeneration to occur (1). Due to the
thin root canal wall of immature teeth, mechan-

ical instrumentation must be minimized. There-
fore, irrigation and medication are vital for ca-
nal disinfection. Calcium hydroxide (Ca(OH),)
is used as an intracanal medication because its
high pH kills most endodontic bacteria, with no
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detrimental effect on stem cells (2). However, some bacteria
that can survive in extreme alkaline pH, such as the gram-pos-
itive facultative anaerobe Enterococcus faecalis (E. faecalis),
show resistance to Ca(OH), (3, 4). Thus, triple antibiotic paste
(TAP) is recommended as the medication of choice in REPs (5).

TAP, a combination of metronidazole, ciprofloxacin and mino-
cycline, is a broad-spectrum antibacterial that is used as a med-
ication in mixed-species endodontic infections. TAP disinfects
the bacteria in carious dentine and pulpal lesions (6, 7). In vitro
studies found that TAP penetrates through root dentine, and
reaches the outer surface of the root within 48 h (6). These char-
acteristics make TAP an interesting choice in REPs, which require
an aseptic environment (5). Studies have evaluated the appro-
priate concentration of TAP used for REPs, however, the results
were inconclusive. The reported minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration (MBC) of
TAP are far less than the concentrations used clinically (8).

In root canal model studies, which are more related to the clini-
cal situation, high concentrations of TAP (>10 mg/ml) exhibited
high bactericidal efficacy by completely eradicating E. faecalis
within 1-4 weeks, however, these concentrations were cytotox-
ic to stem cells, which could adversely affect regeneration (9-
11). One mg/mI TAP resulted in ~50% stem cells from the apical
papilla survival and 10 mg/ml demonstrated <10% cell survival
(11). Similar results were obtained from dental pulp stem cells;
0.125 mg/ml TAP was not cytotoxic (10). However, lower con-
centrations of TAP can reduce, but not completely eradicate,
the number of bacteria. Alyas et al. (12) found that 1 mg/ml TAP
combined with methylcellulose as a vehicle completely eradi-
cated E. faecalis biofilm in root canal blocks. At 1.5 mg/ml, TAP
almost eliminated E. faecalis biofilm in the root canal after 7 d
and eliminated it after 14 d (8). A confocal laser scanning anal-
ysis demonstrated similar results with >99% reduction in E. fae-
calis after treatment with 1.5 mg/ml TAP for 1 week (13). Lower
TAP concentrations (0.01 and 0.1 mg/ml) reduced, but not com-
pletely eradicated, the number of bacteria (9).

For REPs, stem cell survivability is the key for successful out-
comes. The appropriate TAP concentration should minimize the
damage to stem cells; therefore, the TAP concentration used in
REPs should balance its antibacterial effect and cell cytotoxicity
(9-11). The American Association of Endodontists (AAE) guide-
line recommends 1-5 mg/m| TAP or DAP for REPs. However, the
optimal concentrations of TAP (between 1 and 10 mg/ml) that
can eliminate E. faecalis in the root canal remains unknown.

The aim of this study was to investigate the bactericidal effect
of various TAP concentrations against E. faecalis that penetrat-
ed into the dentinal tubules using the bacterial culture assay
and confocal laser scanning microscopy (CLSM). The null hy-
pothesis of this study was that there is no significant differ-
ence in bactericidal effect among various TAP concentrations.

MATERIALS AND METHODS

The study protocol was approved by the Faculty of Dentistry
and Faculty of Pharmacy, Mahidol University, Institutional Re-
view Board (MU-DT/PY-IRB 2022/029.2705).
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Tooth Selection

Single-rooted mandibular premolars, extracted from or-
thodontic reasons, were used. The root length was =10 mm
from the cemento-enamel junction to the root apex. Teeth
with root caries, root fractures, cracks, root resorption, existing
crown restoration or previous endodontic treatment were ex-
cluded. Pre-operative radiographs (mesio-distal and bucco-lin-
gual) of each tooth were taken. Teeth with multiple root canals
or calcified canals on the radiographs were also excluded. The
selected teeth were stored in 0.1% thymol until used.

Bacterial Strain and Culture

E. faecalis ATCC 29212 was used for the root canal and denti-
nal tubule contamination. The bacterial cells were grown on
Brain Heart Infusion (BHI) agar plates and incubated at 37°C for
24 h (Heraeus B 5060 EK-CO2, Heraeus, Hanau, Germany). The
bacterial inoculum was prepared by suspending 2-3 isolated
E. faecalis colonies in BHI broth and incubating the broth at
37°C for 24 h. Prior to the experiment, the number of bacte-
ria was adjusted to McFarland standard No.1 (3x108 CFU/mL)
as measured from the turbidity of the cell suspension using
a densitometer (DEN-1B densitometer, Bio San, Riga, Latvia).

TAP Preparation

The freshly mixed TAP was prepared from United States Phar-
macopeia Convention (USP) grade powder of each antibiotic,
i.e., minocycline, ciprofloxacin and metronidazole (Sigma
Pharmaceutical, North Liberty, lowa, USA). Macrogol and
propylene glycol (MP) served as the drug vehicle. To prepare
the initial concentration, 10 mg/ml TAP, 5 mg of each antibi-
otic powder was mixed in MP (M:P ratio = 1:1 by volume). The
vehicle was gradually added into the mixture until reaching a
final volume of 1.5 ml. Other concentrations were prepared by
diluting the initial concentration in MP.

Tooth Preparation

The total of 91 teeth were used in this study. The calculus and soft
tissue remnants on the root surfaces were removed using a peri-
odontal curette. The teeth were cut using a diamond disc under
water coolant 3 mm from the root apex. The teeth were cut 8 mm
coronally from the new apex to obtain open-ended cylindrical
root specimens. The root canal was sequentially enlarged with
No. 1-3 peeso reamers (Dentsply Meillefer, USA). Irrigation was
performed during canal enlargement with sterile normal saline
solution to remove the dentine debris. The apical end was sealed
with 2 mm resin composite (Filtek™ Z350 XT 3M ESPE, USA) with
total etch bonding (Single Bond Universal, 3M ESPE, USA) to cre-
ate a closed-end cylindrical tube. The smear layer was removed
as previously described (14). The canals were dried with paper
points before subjected to dentinal tubule contamination.

Dentinal Tubule Contamination

The specimens were sterilized by autoclaving (HICLAVE HVA-85,
Hirayama, Saitama, Japan) for 20 min at 121°C. Each specimen
was transferred to 1.5 ml-microcentrifuge tube (Costar®, Corn-
ing, New York, USA) containing 800 pl BHI broth and subjected
to ultrasonic activation (B9500E-DTH, VWR International, USA)
for 15 min to allow the culture medium to penetrate into the
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dentinal tubules. All specimens were incubated at 37°C for 24 h
to confirm that they were sterile. E. faecalis contamination was
created in the dentinal tubules as previously described (15). The
protocol, including bacterial inoculation and medium replace-
ment procedures, was completed in 4 d. The procedures were
performed under aseptic conditions and the specimens were
maintained at 37°C. Briefly, bacterial inoculation was performed
on the 1t and the 3" day, while the medium was replaced on
the 2" and 4 day. On the first day, after removing the BHI broth
from each microcentrifuge tube containing the specimen, 800
ul bacterial suspension was added. All specimens were subject-
ed to centrifugation (Eppendorf 5417C, Eppendorf AG, Ham-
burg, Germany) at 25°C, 1,400g, 2,000g, 3,600g and 5,600g, for 5
min each. At the end of each centrifugation step, 800 pl bacteri-
al suspension added to the tube. Centrifugation was performed
for 2 cycles. The specimens were incubated at 37°C for 24 h. The
culture medium was replaced on the second day by adding 800
pl fresh BHI broth and centrifuging the tube at 25°C, 3,600g for
5 min. The specimens were incubated at 37°C for 24 h.The same
procedure was repeated on the 3™ and the 4™ day.

After bacterial contamination, one specimen was random-
ly selected to confirm the bacterial biofilm formation in the
dentinal tubules using CLSM (Stellaris 8, Leica Microsystem,
Wetzlar, Germany). The tooth was cross-sectionally cut by a di-
amond saw (Isomet 1000, Buhler, New York, USA) with copious
irrigation with normal saline at the mid-root portion to obtain
a 0.3 mm thick dentine disc. The disc was rinsed with 1% phos-
phate buffered saline under ultrasonic activation for 15 min to
remove the smear layer. The disc was stained with 100 pl LIVE/
DEAD® stain for 20 min. The LIVE/DEAD® stain contains SYTO
9° dye and propidium iodide (Pl) dye, which stains the live and
dead bacteria green and red, respectively.

Twenty X magnification was used in the scanning process. Four
sequential images were taken from each disc with a resolution
of 1024x1024 pixels on the diagonal sides of the root canal wall
(Fig.1). These images were analysed with Leica Application Suite
X (LAS X) software to quantify the amount of live (green) and
dead (red) bacteria. The disc should have at least half of the an-
alysed field showing live bacteria inside the tubules to confirm
the success of the bacterial contamination method.

Experimental Groups and Medication Procedures

Ninety contaminated root specimens were randomly divid-
ed into 5 groups (n=18), negative control (no TAP), T mg/ml,
5 mg/ml, 7.5 mg/ml and 10 mg/ml TAP. The TAP was applied
to the root canals in a laminar hood (NU-126-300E, NUAIRE,
Minnesota, USA). Each specimen was removed from the mi-
crocentrifuge tube and the entire root canal was dried with
marked sterile paper points. Eight ul TAP or vehicle alone was
placed into the root canal using a micropipette. The orifice of
each specimen was sealed with sterile PTFE tape and put in a
new microcentrifuge tube. The specimens were incubated at
37°Cin a humidified atmosphere for 3 weeks. Ten specimens
from each group were subjected to the bacterial culture assay,
while 8 specimens were subjected to CLSM for evaluating the
presence of bacteria in the dentinal tubules.
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Figure 1. The schematic illustration showed four diagonal sides (red area)
of the root canal wall that were captured for CLSM analysis.

CLSM: Confocal laser scanning microscope

Bacterial Culture Test

After a 3-week TAP treatment, the bacteria surviving in the
root canals were determined. The PTFE tape was removed
and 8 pl BHI broth was placed in the root canal. To collect
the bacteria in the root canal space, a sterile paper point
was placed at the working length for 1 min and then placed
into a sterile glass tube containing 10 ml BHI broth. The
bacteria in dentinal tubules at 100 um and 200 um depth
were collected using a Gates-glidden drill (Dentsply Siro-
na, North Carolina, USA) No. 5 and 6, respectively. After
the Gates-glidden drill was applied at the working length
at 1,000 rpm, a sterile paper point was then placed at the
working length for 1 min to collected the remaining den-
tine chip. Each Gates-glidden drill and paper point were
transferred to a tube containing BHI broth. The tubes were
vortexed for T min and incubated at 37°C for 1 week. Bacte-
rial growth, indicated by the turbidity of the BHI broth, was
evaluated every day. The positive samples were cultured
and the presence of E. faecalis was confirmed by colony
morphology, gram stain and bile esculin assay.

LIVE/DEAD Assay by CLSM

To investigate the presence of bacteria in the dentinal tu-
bules, eight specimens from each group were subjected
to the LIVE/DEAD assay using CLSM. The images from four
areas of interest were captured and analysed as described
above.The mean percentage of live cells in each group (n=8)
were reported. The percentage of live bacteria was calculat-
ed using the following equation:

Percent live Green fluorescence

bacterial cells =

Red fluorescence+Green fluorescence

Statistical Analysis

The data were analysed using SPSS version 23.0.0.0 (SPSS
Inc., IL, USA). The bactericidal effect of TAP was evaluated
using the Chi-square test to compare the number of posi-
tive samples between the different drug concentrations at
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Figure 2. CLSM images of the root sample after bacterial contamination. The red color (PI) represents dead

bacterial cells, while the green color (SYTOQ) represents live bacterial cells

each depth. The CLSM data were analysed by linear regres-
sion. The significance level was set at p<0.05.

RESULTS

Confirmation of Bacterial Contamination in the Dentinal
Tubules

One root sample was randomly selected for CLSM after the
contamination process to confirm the presence of bacteria in
the dentinal tubules. The green signals (SYTO9) represented
live bacterial cells and the red signals (Pl) represented dead
cells (Fig. 2). Live bacteria were present in more than half of the
analysed field, confirming the success of the bacterial contam-
ination method. Moreover, the depth of bacterial penetration
in the dentinal tubules was at least 500 um.

Bactericidal Effect of TAP against E. faecalis

After treating the infected root canal with 1-10 mg/ml TAP,
samples from the root canal and 100 um and 200 um deep
into the dentinal tubules were collected for detecting the vi-
able bacteria using the bacterial culture assay. The number of
culturable samples in each group are displayed in Table 1. All
negative control samples (no TAP) were culturable and con-
tained E. faecalis. In contrast, no culturable sample was found
at 10 mg/ml TAP. At lower TAP concentrations were used, the
number of culturable samples varied. TAP at 7.5 mg/ml had
no culturable samples from the dentinal tubules, and 1 cultur-
able sample from the root canal. Similar results were observed
from 1 mg/ml and 5 mg/ml TAP that had 2 culturable samples
from the root canals and 1 sample from 200 um deep into root
dentine. The number of culturable samples among the experi-
ment groups in each depth were similar (p>0.05).

The LIVE/DEAD assay revealed the mean percentage of live
bacteria in each experimental group (Fig. 3). Ten mg/ml TAP
exhibited the lowest percentage of live cells (40.58+5.40%),
followed by 7.5 mg/ml (44.14+6.03%), 5 mg/ml (46.31+5.32%)
and 1 mg/ml TAP (52.55+8.82%). The percentage of live cells
in the 10 mg/ml, 7.5 mg/ml and 5 mg/mlI TAP groups were sig-
nificantly lower than the 1 mg/mITAP and the negative control
group (52.36%3.24) (p<0.05). There were no significant differ-
ences among the 5, 7.5 and 10 mg/ml TAP groups. The repre-
sentative CLSM PI, SYTO9 and merged images are shown in
Figure 4. More intense red fluorescent signals were detected in
the 5 mg/ml, 7.5 mg/ml and 10 mg/ml TAP groups compared
with the 1 mg/ml TAP and the negative control groups.

DISCUSSION

TAP has demonstrated the bactericidal efficacy by completely
eradicating E. faecalis in infected root canals (9, 10). Howev-
er, high TAP concentration showed cytotoxicity to stem cells,
which might affect the success of regenerative endodontic
procedures (11). Therefore, the aim of this study was to deter-
mine the optimal concentration that can eliminate E. faecalis in
the root canal. From our results, the null hypothesis is rejected.

Although the antibacterial effect of the antibiotics in TAP has
been shown by the standard antimicrobial susceptibility tests,
e.g. agar diffusion, these methods do not mimic their anti-
bacterial effect exerted in endodontic infections. The bacteria
colonize the root canal wall and penetrate into the dentinal
tubules, which might impair the bactericidal effect of antibi-
otics. Moreover, the mixed bacterial species form biofilms that
can tolerate medications via numerous drug resistant mech-
anisms, including protection from drug penetration, gene
transfer, and slow growth or moving into the stationary phase
(16). Therefore, the specimens from extracted human teeth
and the dentinal tubule contamination method were used
in current study (15). This method simulates dentinal tubule
contamination more quickly compared with the traditional
bacterial contamination that requires 21-30 d. Moreover, high
percentage of live bacteria and deeper penetration of bacteri-
al cells in the dentinal tubules were achieved.

The CLSM results revealed the colonization of E. faecalis on the
root canal walls and the presence of the bacteria equally distrib-
uted in the dentinal tubules more than 500 um deep. In contrast,
a study using the traditional contamination method had less
penetration depth and the bacteria were mostly accumulated at
the superficial root canal dentine (17). Furthermore, this study

TABLE 1. The number of culturable samples in each experimental
group and depth (n=10)

Experimental groups Number of culturable samples

(n=10)
Root canal 100 pm 200 pm
Neg control (No TAP) 10 10 10
1 mg/ml TAP 2 0 1
5 mg/mlI TAP 2 0 1
7.5 mg/ml| TAP 1 0 0
10 mg/ml TAP 0 0 0
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Figure 3. Mean percentage (+SD) of live bacteria in the root canal dentine
obtained from various concentrations of TAP medication. Superscript A
and B indicate significant differences among the groups (p<0.05)

TAP: Triple antibiotic paste

found a slightly lower percentage of live bacterial cells com-
pared with other studies that used the dentinal bacterial con-
tamination method (18-20). These differences might be due to
the type of the teeth and incubation time used between studies.
To the best of our knowledge, our study is the first to use human
teeth instead of bovine teeth. These tooth types differ in the size
and the density of the dentinal tubules (21, 22). The dentinal tu-
bules in human teeth near the pulp side are generally larger and
fewer than those in bovine teeth. Moreover, the fewer live cells
in our study might be due to the 3-week incubation time after
TAP treatment. A previous study demonstrated the presence of
starved bacterial cells after 3 weeks of incubation (17).

The bacterial culture assay was used evaluate the efficiency of
various TAP concentrations to eradicate E. faecalis in the root ca-
nal and dentinal tubules. No culturable samples were detected
in the 10 mg/ml TAP group, which corresponded to other stud-
ies where 10 mg/ml and higher TAP concentrations eliminated
E. faecalis biofilm (9, 12, 23). Two (20%) root canal samples treat-
ed with T mg/ml and 5 mg/ml TAP demonstrated incomplete E.
faecalis elimination. Another study also found complete eradi-
cation of E. faecalis biofilm after direct contact with 1 mg/mI TAP
(12). In addition, only 1 (10%) root canal sample treated with 7.5
mg/ml TAP showed incomplete E. faecalis elimination. There is
no report on the bactericidal activity of 1-10 mg/ml TAP.

Regarding the bacterial penetration depth, some culturable
samples were detected from the samples collected 200 um
into the dentine. These might due to the varying concentra-
tion of TAP and the number of bacteria in the root canal and
dentine. In the deeper dentine (200 um), although the num-
ber of penetrated bacteria is less, the TAP concentration of TAP
might also be lower based on the distance from the root canal.
Thus, TAP could not effectively kill the bacteria 200 um deep
into root dentine. It is also possible that the number of bacte-
ria introduced in dentine by centrifugation was greater than
those present in clinical infections. At 100 um deep, there were

Merged Pl
channel

SYTO9
channel

channel

Control

Figure 4. Representative CLSM images of live and dead bacteria in the

1 mg/ml

5 mg/ml

7.5 mg/ml

10 mg/ml

root canal dentine obtained from various concentrations of TAP medi-
cation. The red color (Pl) represents dead bacterial cells, while the green
color (SYTQO9) represents live bacterial cells

no culturable samples, indicating the optimal concentration
of TAP that effectively eradicated the bacteria present. Dentine
samples more than 200 um deep could not be collected due to
the thin dentine on the mesial-distal side of the root.

Surprisingly, CLSM revealed the presence of live E. faecalis in all
samples. The TAP treatment results demonstrated decreased
live bacteria inside the dentinal tubules in a dose-dependent
manner. At the lowest concentration, T mg/mlI TAP, the percent-
age of live cells was similar to the negative control. However,
the culture test results indicated that only a few samples were
culturable. The possible explanation may be that E. faecalis can
adapt into a viable, but nonculturable (VBNC), state when ex-
posed to some environmental stresses, and can be resuscitated
later in a suitable environment (24). Previous studies indicated
that E. faecalis entered a VBNC state within 2 weeks and re-
mained viable for at least 2 months (25, 26). When entering the
VBNC state, the E. faecalis shape changed from coccoid to irreg-
ular, and it lost its ability to break down lactose, D-mannitol and
D-sorbitol (24). Furthermore, the cells can still attach to dentine
and Type | collagen fibres, but cannot penetrate the dentinal
tubules (25). These situations might lower the pathogenicity
of the bacteria; however, the resuscitated cells can initiate in-
fection after recovery. However, some antibiotics can block the
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bacterial resuscitation processes, either directly or by binding
to a molecule that mediates resuscitation (27). From the result
of bacteria culture test, E. faecalis in the dentinal tubules might
entered a VBNC state and TAP treatment might block E. faecalis
resuscitation as indicated by the nonculturable samples.

To the best of knowledge, this is the first study that used the den-
tinal tubule contamination method to evaluate the antimicrobi-
al effect of TAP. Although TAP, including at low concentration (1
mg/ml), inhibited the growth of E. faecalis in the dentinal tubules,
whether the bacterial cells in the dentinal tubules are in a VBNC
state remains to be elucidated. Residual TAP after treatment and
its cytotoxic effect should be investigated to minimize the ad-
verse effects of TAP before initiating the regeneration processes.
Moreover, the limitation of this study is the utilisation of mono-
species biofilm which may not accurately replicate the complexi-
ty of polymicrobial infections observed in clinical situation.

CONCLUSION

This study found that 1, 5, 7.5 and 10 mg/ml TAP markedly
decreased the number of culture-positive root canal samples.
Moreover, the bactericidal effect of TAP in the dentinal tubules
was dose-dependent. However, CLSM revealed remaining live
bacteria in the dentinal tubules of all specimens.
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