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Abstract

Introduction: Molecular methods are increasingly
being deployed for analysis of the microbial flora in
the root canal. Such methods are based on the assump-
tion that recovered DNA is associated with the active
endodontic infection, yet paleomicrobiology research is
based on the recovery of ancient DNA from centuries-
old tooth and bone samples, which points to consider-
able longevity of the DNA molecule in these tissues.
The main component of dentin and bone is the mineral
hydroxyapatite. This study assessed DNA binding to
hydroxyapatite and whether this binding affinity stabi-
lizes the DNA molecule in various media. Methods:
DNA was extracted from Fusobacterium nuclea-
tum and added to ceramic hydroxyapatite for 90
minutes. The DNA-bound hydroxyapatite was incubated
in different media (ie, water, sera, and DNase I) for up to
3 months. At predetermined intervals, the recovery of
detectable DNA was assessed by releasing the DNA
from the hydroxyapatite using EDTA and evaluating
the presence of DNA by gel electrophoresis and poly-
merase chain reaction (PCR) amplification. Results:
When incubated with hydroxyapatite, nonamplified
DNA was detectable after 3 months in water, sera,
and DNase I. In contrast, DNA incubated in the same
media (without hydroxyapatite) decomposed to levels
below the detection level of PCR within 3 weeks, with
the exception of DNA in sera in which PCR revealed
a weak positive amplification product. Conclusions:
These results confirm a specific binding affinity of
hydroxyapatite for DNA. Hydroxyapatite-bound DNA
is more resistant to decay and less susceptible to degra-
dation by serum and nucleases, which may account for
the long-term persistence of DNA in bone and tooth.
(J Endod 2013;39:211–216)
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Modern endodontic microbiology was established using advanced anaerobic tech-
niques for clinical recovery and culture of root canal samples (1–3). For more

than a decade, molecular techniques based on the recovery of specific microbial
DNA sequences that can be amplified by the polymerase chain reaction (PCR)
method (4) have been increasingly used for analysis of the microbial flora (5, 6).
Studies using molecular techniques have generally reported a more diverse
microbial flora associated with endodontic infections than that revealed by culture
methods.

The PCR method affords specificity and precision to microbial identification;
however, there are limitations of the PCR method when applied to root canal
samples. A principal issue is the fate of DNA from bacteria that may enter and
die in the root canal and circumpulpal dentin because the PCR method does not
distinguish between living and dead cells (7). Should DNA from dead cells persist,
it could mean that some species identified by recovered DNA could be of minor
importance or no relevance for the disease. Although cell-bound DNA can be de-
tected by PCR methods 2 years after cell death, free DNA degrades spontaneously
and by enzymatic action (8).

The binding affinity of DNA to hydroxyapatite (HA) may influence how long free
DNA persists in the root canal space and may contribute to the successful recovery
of ancient DNA from old teeth and bone samples (9, 10). The main component
(�60%) of dentine, HA (11), stabilizes DNA and slows the rate of hydrolytic depuri-
nation (12). Mineral-adsorbed DNA is 100- to 1,000-fold more resistant to decay
than free DNA (13, 14). In early work, after the technique was developed for protein
separation (15), HA columns were used as an efficient binding method for sequestering
nucleic acids (16).

The HA binding property may confer protection to DNA from degradation by spon-
taneous decay and enzymatic decomposition by ambient nucleases, yet these properties
are essentially unexplored in the endodontic literature. The aim of the present study was
to investigate the following:

1. The ability of HA to bind extracellular DNA
2. A method to release HA-bound DNA and prepare it in a form suitable for PCR
3. The influence of HA binding on protecting DNA from degradation by serum, nucle-

ases, and decay over time
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Materials and Methods
Bacteria

Fusobacterium nucleatum (NCTC 10652) was grown on fastid-
ious anaerobe agar (Laboratory M, Bury, UK) with vitamin K (10 mg/L,
37�C, 4 days) in an anaerobic box (10% H2 and 5% CO2 in N2). The
cells were harvested from plates and suspended in phosphate-
buffered saline solution. DNA was extracted from cell pellets according
to the manufacturer’s protocol (Bacterial Genomic DNA Kit; Gene Elute,
Sigma-Aldrich, St Louis, MO).

HA-DNA Binding, Release, and Analysis
Ceramic HA type II (BioRad, Hercules, CA) of 80-mm particle size

(0.8–9.4 mg) was suspended in sterile water (93 mL) and incubated at
room temperature overnight. Extracted F. nucleatumDNA (318 ng) was
added to the aqueous HA preparations and incubated with slow agitation
(22�C, 90 minutes). Controls were tubes containing DNA without HA.

After incubation, residual DNA in the supernatant was assessed by
taking aliquots of supernatant (10 and 2 mL, respectively) for analysis
by gel electrophoresis (1.5% agarose in Tris-borate EDTA buffer; Gibco,
Invitrogen, Grand Island, NY), for staining with ethidium bromide
(1 mg/mL; Sigma-Aldrich), for observation under ultraviolet light,
and for PCR analysis as described later. Thereafter, the HA was washed
(3�), and EDTA (80 mL, 250 mmol/L, 15 minutes) was added to
release DNA. EDTA-induced release of DNA from HA was confirmed
by aliquot removal (10 mL) and analysis by gel electrophoresis. A
100–base pair DNA ladder digest (Invitrogen, Fredrick, MD) served
as a molecular weight marker.

The optimal conditions for DNA release by EDTA were assessed by
suspending HA (1–10 mg) in sterile water (145.5 mL) and incubation
overnight at room temperature. Extracted F. nucleatum DNA (205 ng)
was added to the HA preparations and incubated with slow agitation (90
minutes). After incubation, HA beads were washed (3�), and EDTA
(140 mL; 250 mmol/L) was added. At predetermined intervals (15
minutes–24 hours), aliquots of supernatant (10 mL) were removed
and analyzed by gel electrophoresis.

A high concentration of EDTA interferes with the PCR reaction (17,
18). Therefore, for PCR, the EDTA-containing supernatant was cleaned
with the Wizard DNA Clean-Up System (Promega, Madison, WI) accord-
ing to the manufacturer’s protocol. Briefly, samples were added to 1 mL
Wizard DNA Clean-Up Resin and transferred to a syringe barrel with
a minicolumn. The bound DNA was pushed through the minicolumn
with a syringe plunger. The column was then washed with 2 mL isopro-
panol (80%) and transferred to a microcentrifuge tube. After centrifu-
gation (2 minutes, 10,000g), the minicolumn was transferred to a new
microcentrifuge tube, and 50 mL prewarmed (65�C) Tris EDTA buffer
was added. The minicolumn was centrifuged (20 seconds, 10,000g) to
elute the bound DNA. Experiments with various concentrations of EDTA
showed that this method allowed effective PCR reactions.

For PCR, primers were used to amplify a 360–base pair amplicon
from the F. nucleatum 16S ribosomal RNA gene (5). PCR amplifica-
tions were prepared in a 25-mL final reaction volume with 2 mL total
DNA template, 12.5 pmol each primer, 200mmol/L dNTPs (Qiagen, Hil-
den, Germany), 2.5 mL 10� PCR buffer (Qiagen), 0.6 U HotStarTaq
DNA polymerase (Qiagen), and Ultrapure water (Sigma-Aldrich) to
make up the final reaction volume. Amplification products were
analyzed by gel electrophoresis as described earlier. All experiments
(including those described later) were repeated at least 3 times.

Effect of Nucleases on HA-bound DNA
HA binding of DNA may confer protection from degradation by

nucleases. The effect was evaluated by binding DNA (318 ng) to HA
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(9 mg) as described previously. After binding DNA to HA, DNase I (In-
vitrogen, Grand Island, NY; 1 U) was added, and tubes were incubated
with gentle agitation (22�C, 30 minutes). The HA was then washed
(3�) with sterile water. EDTA (80 mL; 250 mmol/L) was added to
release DNA from the HA, and the tubes were kept on slow rotation
(22�C, 15 minutes). Supernatant was withdrawn (10 mL), and the
release of DNA from HA was analyzed by gel electrophoresis. Positive
controls were tubes with HA and DNA but untreated with DNase I.
DNA in water incubated with DNase I (without HA) served as the negative
controls. EDTA was cleaned from samples as described earlier followed
by PCR, and amplification products were analyzed by gel electrophoresis.

Interaction of DNase with HA
Because DNase binding to HA could affect nuclease function,

DNase activity was analyzed after incubation with HA. DNase I (0.5 U)
was incubated with HA (1–20 mg) in water (100 mL) with agitation
(30 minutes). For the analysis of DNase activity, supernatant was with-
drawn (100mL), and DNA (3.5mL; 44 ng/mL) was added and incubated
(22�C) for 30minutes. The DNase reaction was stopped by adding EDTA
to a final concentration of 2.5 mmol/L. An aliquot (10 mL) was with-
drawn and analyzed for DNA by gel electrophoresis. As a control, DNase
I (0.5 U) was added to supernatant taken from an overnight incubation
of HA in water (100 mL). PCR amplification was performed (17 cycles)
on all samples, and products were analyzed by gel electrophoresis.

Degradation over Time of HA-bound DNA
DNA (159 ng) was bound to HA (9 mg) as described previously.

The tubes were incubated (37�C) and subsequently sampled at 2, 4, 8,
and 12 weeks. At harvest, the HA was washed (3�) and incubated with
EDTA (80 mL; 250 mmol/L, 15 minutes). Supernatant (10 mL) was
analyzed by gel electrophoresis. Controls were tubes containing DNA
but without HA treated in the same way, and 10-mL aliquots were
analyzed by gel electrophoresis. Samples treated with EDTA were
cleaned and analyzed by PCR as described previously.

Effect of Human Serum on Degradation
over Time of HA-bound DNA

Sera from 4 healthy human adults were pooled and inactivated at
56�C for 30 minutes. HA (9 mg) was incubated with DNA (318 ng; 100
mL) with agitation (90 minutes) then washed (3�), and the pooled
sera (10%) was added. After 3 months of incubation, the HA was
washed and treated with EDTA (80 mL; 250 mmol/L, 15 minutes). An
aliquot (10 mL) was withdrawn and analyzed by gel electrophoresis.
The remainder of the supernatant was cleaned with the Wizard Clean-
Up System followed by PCR, and amplification products were analyzed
by gel electrophoresis. Controls were DNA in sera without HA.

Results
HA-DNA Binding and Release

When EDTA was added to HA-bound DNA, there was an optimal
release of DNA over the first 15 minutes to 2 hours. After 4 hours, there
was a reduction of measurable DNA, and by 7 hours DNA was no longer
detectable in the supernatant of tubes containing 7 mg or more of HA.

After binding extracted DNA (318 ng) to ceramic HA, nonampli-
fied DNA was not detectable in the supernatant from tubes containing
$5.6 mg HA (Fig. 1A). With amplification by PCR (20 cycles), DNA
was detectable in all samples (data not shown). DNA was released
from HA by the addition of EDTA. Analysis of the supernatant revealed
a dose relationship between HA mass and DNA binding; a greater HA
mass bound more DNA (Fig. 1B).
JOE — Volume 39, Number 2, February 2013



Figure 1. DNA binding to ceramic HA. An electrophoresis gel picture showing detectable DNA in supernatant after binding to increasing amounts of (A) HA and (B)
after releasing DNA from HA by the addition of EDTA. Respective lanes contain the following mass of ceramic HA type II: (1) 0.8 mg, (2) 1.3 mg, (3) 1.8 mg, (4) 3.0
mg, (5) 3.5 mg, (6) 5.6 mg, (7) 7.4 mg, (8) 9.4 mg, and (9) control: H2O + DNA (318 ng).
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Effect of Nucleases on HA-bound DNA
HA-bound DNA was resistant to degradation by DNase I as shown

by the detection of DNA after EDTA treatment and cleanup of HA
(Table 1). In contrast, there was no detectable DNA after incubation
with DNase I in water (30 minutes).

Interaction of DNase with HA
There was a loss of DNA degradation activity when DNase I was

incubated with HA, an effect that was dose related to the amount of
HA. DNA added to treated supernatant (ie, DNase I incubated with HA
in water) was still detectable in both the nonamplified and amplified
(PCR, 20 cycles) form if the amount of HA was $5 mg (Fig. 2A and
B). In the control (no HA), DNA was degraded in 30 minutes as shown
by the nonrecovery of DNA (Fig. 2A and B).

Degradation over Time of HA-bound DNA
In water, DNA decomposed within 2 weeks to below the detection

level of gel electrophoresis (nonamplified DNA) although it was detect-
able by PCR at 4 weeks (but not at 8 weeks). After binding to HA for 90
minutes, DNA was recoverable in nonamplified form and by PCR for >3
months (Table 1).

Influence of Sera on HA-bound DNA
In 10% human sera, DNA decayed within 2 weeks to below the

detection level of gel electrophoresis (nonamplified DNA). With PCR,
TABLE 1. Recovery of Free and HA-bound DNA after Incubation in Water, with DN

Spontaneous degradation*

Free DNA HA-bound DNA Free

Nonamplified DNA � +
DNA amplified by PCR � +

Results from triplicate experiments.

*DNA incubated in water for 3 months.
†DNA incubated in DNase I for 30 minutes.
‡DNA incubated in sera for 3 months.
§Weak band.
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DNA was detectable (faint bands) for 3 months. By contrast, DNA bound
to HA did not degrade after 3 months in 10% sera as shown by recover-
able nonamplified DNA (Table 1).

Discussion
Molecular-based methods have become increasingly favored for

analysis of the composition of microbial DNA within samples taken
from infected root canals. If the DNA is derived from living microorgan-
isms in a noncontaminated root canal sample, molecular analysis
should reflect the composition of the active bacterial flora. Yet, there
are indications that long after cell death DNA and DNA fragments may
linger for centuries in bone and teeth, which can be detected by the
amplification of DNA using PCR (9, 19). If the same applies to
infected root canals (ie, that DNA from dead bacteria persists and is
recoverable by PCR), the findings in some cases may be a distortion
of the true connection between species so identified and the active
endodontic infection. A binding affinity between HA and DNA may
account for the persistence of ancient DNA in teeth and bone (9,
10). This study assessed the binding of F. nucleatum DNA to HA and
whether the mineral-DNA complex resists decay. The results show
that, compared with unbound DNA, HA-bound DNA was much more
resistant to spontaneous decay and was less susceptible to degradation
by serum and nucleases.

It has been well established that HA binds DNA (16, 19), and the
results herein confirmed this binding affinity. Binding occurred in
a dose-related way, so that with a greater mass of HA (>5.6 mg HA
ase, and in 10% Human Sera

Effect of nucleases† Influence of sera‡

DNA HA-bound DNA Free DNA HA-bound DNA

� + � +
� + +§ +

DNA Binding to HA 213



Figure 2. Nuclease activity after DNase incubation with ceramic HA. After incubation, nuclease activity in the supernatant was assessed by adding DNA for 30
minutes. The electrophoresis gel picture shows detectable DNA in (A) the nonamplified form and (B) after PCR amplification. Respective lanes contain the following
mass of ceramic HA type II: (1) 1 mg, (2) 5 mg, (3) 10 mg, (4) 15 mg, (5) 20 mg, (6) control: DNase (0.5 U) + DNA (150 ng), and (7) control: DNA (150 ng) in
water.
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and 318 ng DNA) there was no detectable DNA left in the supernatant.
Binding to HA had a stabilizing effect on spontaneous DNA decay, as
shown by recoverable DNA after >3 months in water. In contrast, non-
bound DNA in water was undetectable after 4 weeks of incubation.

Ion attraction is the likely mechanism for the binding affinity of
DNA to mineral surfaces. The binding capacity is influenced by the pres-
ence of cations (13), and bivalent cations result in a 100-fold higher
adsorption compared with monovalent ions (14). The cations may
act as a bridge between the negatively charged ion groups on the
mineral surface and the DNA (20, 21). Furthermore, a low pH
enhances the adherence capacity (13, 22–24) as protonation of the
negatively charged DNA groups inhibit the repelling forces to the
negatively charged groups on the mineral surface (24) in favor of
molecular adherence.

The chelating agent, EDTA, is commonly used for the retrieval of
DNA from tooth and bone samples (10, 25, 26). Although EDTA is
efficient for this application, its presence in the mixture inhibits the
PCR reaction. Therefore, we tested a variety of decontamination
approaches and found that a proprietary system (Wizard DNA Clean-
Up System) was effective for the removal of EDTA, resulting in DNA
release and no inhibition of the PCR reaction. The release of DNA
from HA was confirmed by treatment with a weak (250 mmol/L)
EDTA solution. A maximum release of DNA was found after 15 minutes,
and extending the EDTA treatment time beyond 4 hours resulted in
a lower yield, probably because of saturation of the EDTA-calcium
ion complex resulting in a rebinding of DNA to HA.

Apart from spontaneous decay, local environmental factors signif-
icantly influence DNA longevity or degradation (8, 12). The infected root
canal likely contains small amounts of serum that perfuses into the space
from the apical tissue. Human serum contains a low concentration (3–
23.9 ng/mL) of DNase (27, 28). It has been previously shown that DNA
incubated in pooled human sera decomposed to below the detection
limit within 24 hours (8). Using gel electrophoresis, this study
214 Brundin et al.
confirmed those findings for nonamplified DNA. With a higher level of
sensitivity provided by amplification, there was faint PCR-detectable
DNA after 3 months of incubation in serum (Table 1). By contrast, there
was a strong stabilizing effect on DNA when it was HA bound as shown by
the detection of DNA in both nonamplified form and by PCR after
3 months of incubation in pooled human sera.

The observation that there were low levels of detectable DNA after
serum exposure points to competing factors in serum that favor pres-
ervation as well as degradation of DNA. The binding of DNA to serum
proteins may account for some protection because serum proteins
have been shown to bind DNA (29, 30). It is possible that most of
the DNA decomposes naturally or by host nucleases, but small
amounts of DNA that bind to serumproteinsmay escape decomposition.

In the root canal milieu, microbial DNases may actively degrade
microbial DNA, but there has been limited analysis of the contribu-
tion of HA to this process. The role of HA was assessed by the incu-
bation of DNase with HA-bound DNA, and this showed that recovery
of DNA was possible after exposure to DNase. In contrast, without
HA, there was enzymatic breakdown of DNA by DNase within 30
minutes (Table 1). This implies a protective effect of HA against
nuclease activity, which could be caused by binding of the DNA to
HA, making the molecule inaccessible to the enzymatic activity of
DNase. An alternative explanation is a simultaneous adsorption of
DNase itself directly to HA.

It has been reported that minerals have DNase adsorption capacity
(31) and that DNase loses its degrading capacity when it binds to clay
particles. Therefore, DNase activity was assessed with and without pre-
exposure to HA. When DNase was pre-exposed to HA, there was a reduc-
tion in the nuclease activity, and the effect was dose related; increased
proportions of HA resulted in lower DNase activity. Thus, we showed
that the mechanism for protection against enzymatic activity is a combi-
nation of binding of both DNase and binding of the DNA molecules to
HA. These findings are consistent with a study that showed the
JOE — Volume 39, Number 2, February 2013
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protection of plasmid DNA from nuclease activity by adsorption of
DNase to various clay minerals (32).

In previous studies, cell-bound DNA was shown to be very stable
and was detectable by PCR years after cell death in vitro (33) and in
root canals ex vivo (8). However, free (ie, non–cell bound) DNA de-
composed spontaneously after a short time period (8), which highlights
the role that the form of DNA plays in its longevity. The findings reported
here add further information to the complex picture and show the
importance of HA in protecting DNA from natural decay and degrada-
tion by serum and nucleases. It supports the idea that binding to HA
may contribute to the preservation of ancient microbial DNA in teeth
and bone.

There are implications of these findings for PCR-based studies of
the endodontic microbial flora. The intimate contact of extracellular
DNA, whether from a living microbial biofilm (34, 35) or from dead
cells, affords the possibility of DNA adsorption to HA. The protection
provided by HA binding raises the possibility that DNA from past
infection may be bound by HA and preserved, to be picked up later
and potentially confound molecular analysis of the root canal sample.
For example, some studies have reported a higher prevalence of the
readily cultivable Enterococcus faecalis by PCR (36, 37) compared
with culture (38, 39). The observation has apparently been difficult
to explain, other than by a presumed (yet not proven) higher
sensitivity of PCR (36, 37). Notwithstanding other considerations, the
findings from the present study could account for the recovery of
such DNA (bound to the HA constituent) from human root canals.
Further factors that may result in misleading positive or negative
results are the observations that a weak EDTA solution is effective in
releasing DNA bound to HA and that EDTA carryover into the PCR
mixture may inhibit the reaction. It is worth noting that these findings
apply to HA in vitro, and whether the binding affinity also applies to
dentin is an issue that awaits future clarification. Nevertheless, the
results taken as a whole show the complex interaction between many
factors that influence DNA degradation or preservation in dentin.

There is little doubt about the value of PCR-based methods for
the identification of microbial DNA, yet there remain some important
questions about how it is implemented in the context of sampling the
infected root canal. The fate of DNA, expressed from dead bacteria
and left in the root canal, is a potential confounder in endodontic
molecular microbiology studies and has been a contentious issue
in the endodontic literature (40–42). Whether DNA persists in the
root canal depends on its form (free or cell bound); the root
canal milieu; and whether the DNA will be exposed to factors that
enhance or reduce decay such as temperature, moisture, pH, and
oxidative agents (12, 43). This study shows that HA, the main
constituent of dentin and bone, has a strong stabilizing role in
protecting DNA from natural decay and degradation by ambient
environmental factors.
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