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INTRODUCTION 

Root canal infections are polymicrobial infections in which anaerobic bacteria can 

make up as much as 90% of the cultivable flora.  Polymicrobial infections are more 

pathogenic than those involving single organisms due to bacterial synergy (Sundqvist, 

1994).  In a long-standing infectious process, bacteria may colonize root canal 

ramifications, isthmuses, apical deltas, and dentinal tubules.  In these locations, bacteria 

may be unaffected by the chemomechanical preparation of the root canal.  Thus, the use 

of an intracanal medication between appointments has been advised for more thorough 

decontamination of the root canal system prior to obturation.  Calcium hydroxide 

(CaOH2) has a pronounced antibacterial activity against most of the bacterial species 

found in endodontic infections.  However, it is not effective against all bacteria present in 

the root canal flora, such as E. faecalis which can tolerate a pH of 11.5 (Siqueira and 

Uzeda, 1996).  The antibacterial activity of calcium hydroxide is related to its high pH 

(12.5) which has a destructive effect on bacterial cell membranes and protein structures.  

However, to be effective against bacteria located inside dentinal tubules, hydroxyl ions 

from calcium hydroxide must diffuse through dentinal tubules (Siqueira and Uzeda, 

1996).  Azim et al. (2016) demonstrated that a 21 day inoculation with E. faecalis was 

enough to have the live bacteria penetrate dentinal tubules to a depth of 150µm. 

In the 1980’s, a new standard for identifying bacteria was developed.  Researchers 

discovered that phylogenetic relationships of bacteria could be determined by identifying 

and sequencing a conserved portion of the genetic code.  The various subunits of 

ribosomal ribonucleic acid (rRNA) were identified as potential candidates.  The part of 

the deoxyribonucleic acid (DNA) now most commonly used for taxonomic purposes for 
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bacteria is the 16S rRNA gene.  The 16S rRNA gene is so highly conserved that it can be 

compared among all bacteria (Clarridge, 2004).  The degree of conservation is assumed 

to be due to the essential nature of the 16S ribosomal subunit as a critical component of 

cell function.  Unlike the genes needed to make enzymes, mutations in the DNA coding 

for the 16S rRNA cannot be tolerated by the bacterial cell.  Furthermore, the 16S rRNA 

gene sequence acts as a molecular chronometer and marks the evolutionary distance and 

relatedness of organisms.  The 16S rRNA gene sequence is approximately 1550 base 

pairs (bp) long and is composed of both variable and conserved regions.  Universal 

primers are usually chosen complementary to the conserved regions at the beginning of 

the gene (540-bp region) or at the end of the gene (1550-bp region), and the sequence of 

the variable region in between is used for the identification of the species (Clarridge, 

2004).   

Historically, culture methods and microscopic phenotype analysis has been done 

to determine the presence, quantity, and species of bacteria present in an infection.  

However, culturing bacteria under laboratory conditions can be challenging due to a gap 

in our knowledge of their growth requirements.  The polymerase chain reaction (PCR) 

process was conceived by Kary Mullis in 1983 and revolutionized the field of molecular 

biology by providing scientists with the ability to amplify one copy of a gene into 

millions of copies of that gene.  The impact of PCR on endodontic microbiologic 

research has been profound.  It has provided a new perspective on the scope and 

variability of endodontic infections, and also a much more sensitive method for 

evaluating the effectiveness of the treatment protocol of non-surgical root canal therapy 

(Siqueira and Rôças, 2005). 
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From a biological perspective, the goal of endodontic therapy is to prevent or treat 

apical periodontitis.  An optimal way to accomplish this goal is to maintain healthy pulp 

tissue, or to regenerate it in cases of pulpal necrosis (Diogenes et al., 2015).  Endodontic 

therapy has long consisted of mainly non-surgical root canal therapy where the goal is to 

chemomechanically debride, and then obturate the root canal system.  However, over the 

last 15 years, there has been an emergence of regenerative endodontics, consisting of 

regenerative endodontic procedures (REPs), as a desirable treatment option for 

permanent teeth which have experienced pulpal disease (often necrosis), prior to 

complete root formation.  Evidence of this emergence was solidified in January of 2016 

when “Regenerative Endodontics” became a section in the Journal of Endodontics after it 

was demonstrated that 50% of the top 20 cited papers from the journal over the previous 

5 years focused on regenerative endodontics (Hargreaves, 2016).  The American 

Association of Endodontists defines regenerative endodontics as “biologically-based 

procedures designed to physiologically replace damaged tooth structures, including 

dentin and root structures, as well as cells of the pulp-dentin complex.”  In cases where 

immature teeth have undergone pulpal necrosis, this will ideally result in the regeneration 

of the pulpodentin complex capable of regaining sensibility and completing root 

development. 

The purposes of this study are to; determine the length of calcium hydroxide 

medication most appropriate for killing a biofilm sourced from a clinical case treated 

with a regenerative endodontic procedure, and characterize the bacterial community 

found in an infected tooth with clinical features of those that would commonly be treated 

with regenerative endodontic procedures.  
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LITERATURE REVIEW 

Regenerative Endodontic Procedures 

In cases when an immature tooth has become necrotic and developed apical 

periodontitis or an apical abscess, clinicians now have more options than those 

historically used including the apical barrier technique and long-term CaOH2 

apexification.  These cases have been notoriously difficult to treat with non-surgical 

endodontic therapy because the thin dentin root walls of the immature tooth cannot be 

adequately debrided with the aggressive filing that is associated with typical 

chemomechanical debridement.  Furthermore, once the debridement phase of the 

treatment is complete, obturating the root canal is difficult because there is no apical 

barrier to help prevent extension of the obturating material into the apical periodontal 

tissues.  Finally, the treated teeth are left with thin walls and are highly susceptible to 

fracture from normal masticatory function (Trope, 2010).  The foundation of REPs is 

based on the pioneering work by Ostby (1961) who used histology to argue in support of 

treatment of necrotic teeth with incomplete root formation with debridement, 

sterilization, clot formation and filling short.  In more recent years, researchers have 

identified that, in order to be successful in regeneration of the pulpodentin complex, 

REPs must employ the three major components of tissue engineering which are 1) a 

reliable stem cell source capable of differentiating into odontoblasts, 2) an appropriate 

scaffold to promote cell attachment, proliferation, and differentiation, and 3) signaling 

molecules including growth factors that serve as a set of instructions for the stem cells 

and are capable of stimulating cellular proliferation and directing cellular growth 

(Hargreaves et al., 2008).   
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Sedgley and Botero (2012) reviewed multiple potential sources of stem cells 

including dental follicle precursor cells, dental pulp stem cells, periodontal ligament stem 

cells, stem cells from apical papilla (SCAP cells), and stem cells from human exfoliated 

deciduous teeth (SHED).  Due to the location of the apical papilla, SCAP are the 

currently used stem cell source for REPs.  These cells are found in the apical papilla 

located at the apices of developing teeth at the junction of the apical papilla and the 

dental pulp.  Multiple scaffolds have been demonstrated to be of potential value in REPs 

including synthetic polylactic acid (Gotlieb et al., 2008), collagen (Yamauchi et al., 2011; 

Paryani and Kim, 2013), calcium phosphate (Chandrahasa et al., 2011), and platelet-rich 

plasma (Zhu et al., 2012; Torabinejad and Faras, 2012).  However, the blood clot has 

been demonstrated to be the most readily available, inexpensive, noninvasive, and 

effective scaffold for use in REPs (Thibodeau et al., 2007; Zhu et al., 2012; Jung et al., 

2008).  Perhaps the most difficult of the three components of tissue engineering to 

elucidate are the functional, temporal, and special relationships of individual growth 

factors that researchers ultimately hope will allow us to completely regenerate pulp 

tissue.  Preliminary work in this field by Galler et al. (2015), has demonstrated that 

conditioning dentin with 17% ethylenediaminetetraacetic acid (EDTA) is able to release 

TGF-β1, FAF-2 and VEGF.  Furthermore, irrigation with sodium hypochlorite (NaOCl) 

prior to EDTA decreased the amount of available TGF-β1 release.  Finally, all tested 

intracanal dressings interfered with TFG-β1 release except water-based calcium 

hydroxide (CaOH2) (Galler et al., 2015). 

The first case reports of successful REPs employed for the treatment of immature 

permanent teeth with apical periodontitis and sinus tracts emerged in the early 2000’s 
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(Iwaya et al., 2001; Banchs and Trope, 2004).  While the protocol has changed in the last 

15 years, these cases demonstrated root development and apical closure, and presented 

clinicians with a potential alternative to the commonly used apical barriers and long-term 

CaOH2 apexification techniques.  As the decade progressed, a case series was presented 

along with a discussion of an updated protocol which included, among other things, the 

use of anesthetic without a vasoconstrictor during the second appointment when bleeding 

must be induced, and the use of a collagen matrix between the blood clot scaffold and 

coronal mineral trioxide aggregate (MTA) barrier for a more controlled placement of the 

material (Petrino et al., 2010).   The possible outcomes of REPs have been outlined by 

Chen et al. (2012) and include 1) increased thickening of the canal walls and continued 

root maturation, 2) no significant continuation of root development with blunting/closure 

of the root apex, 3) continued root development and the apical foramen remaining open, 

4) obliteration of the canal space, and 5) a hard tissue barrier forming between the MTA 

and root apex.   

While the progress made in recent years has been quite promising for researchers 

and clinicians alike, there is still much work to be done in research labs before we can 

truly regenerate the pulpodentin complex.  Histologically, it does not appear that current 

REPs result in complete regeneration of the pulpodentin complex.  It has been 

documented that the current REP protocols result in tissues described as cementum-like, 

bone-like, uninflamed fibrous connective tissue, and resembling a mix of cementum, 

PDL and bone (Wang et al., 2010; Shimizu et al., 2012; Martin et al., 2013; Becerra et 

al., 2014; Lei et al., 2015).  When REPs are deemed clinically and radiographically 

successful, it has been noted that resolution of the apical radiolucency can be observed 6-
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12 months after treatment, while increased dentinal wall thickness and root length may be 

observed 12-24 months after treatment (Law, 2012).  Some cases are even capable of 

regaining sensibility to the cold test (Cehreli et al., 2011), and the presence of neurons 

and nerve fibers has been confirmed histologically following REPs (Lei et al., 2015).  A 

more recent publication lists a 50% chance that teeth will regain sensibility to either cold 

or the electronic pulp tester (EPT) following REPs (Chen et al., 2015).  A prospective 

analysis of 16 cases performed by Kahler et al. (2014) demonstrated 90.3% resolution of 

the periapical radiolucency.  Apical closure was incomplete 47.2%, and complete 19.4% 

of the time.  The authors noted changes in root length and root dentin thickness of up to 

25.3% and 72.6%, respectively, over a minimum of 18 months post-treatment.  Another 

publication lists the success rate as 96%, with increased root length and thickness 

occurring 76.2% and 79.2% of the time, respectively (Chen et al., 2015). 

Current REP Protocol 

The current REP protocol and considerations for cases where REPs may be useful 

has been outlined by Law (2013).  These cases typically involve a tooth with a necrotic 

pulp, apical pathology, and incomplete root development.  At the first appointment local 

anesthetic is administered, the tooth is isolated with a rubber dam, and an access is made 

into the pulp chamber just as it would be with conventional non-surgical root canal 

therapy.  However there is minimal filing of the root canal walls.  Gentle irrigation is 

performed with 20ml of a lower concentration NaOCl using a needle with closed end and 

side vents or the EndoVac™, followed by a rinse with sterile normal saline.  The canals 

are dried with paper points.  The clinician will then place a triple antibiotic paste (TAP) 

consisting of ciprofloxacin, metronidazole, and minocycline, or a double antibiotic paste 
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(DAP) without the minocycline.  Alternatively CaOH2 may be used as the intracanal 

medicament.  A cotton pellet is placed, and the root canal is sealed with a temporary 

restoration.  The patient is dismissed for 3-4 weeks.  At the second appointment 

anesthetic without vasoconstrictor is administered, the tooth is once again isolated with a 

rubber dam, and the temporary restoration and cotton pellet are removed.  The root canal 

system is irrigated with 20ml of 17% EDTA followed by a rinse with sterile normal 

saline.  The canals are dried with paper points.  The clinician will next induce bleeding 

into canal system by overinstrumenting the apical tissues, including the apical papilla 

where the SCAP are located.  The bleeding is stopped 3mm apical to the CEJ by placing 

a CollaPlug®/CollaCote® matrix.  A 3-4mm plug of white MTA is placed over the 

collagen matrix and the tooth may then be restored with reinforced glass ionomer cement 

(GIC) and a permanent restoration. 

Martin et al. (2014) demonstrated that as the concentration of NaOCl increases 

from 1.5% to 6%, as does the toxicity to SCAP.  However, 17% EDTA was able to 

reverse the negative effect on SCAP following the irrigation with lower concentrations of 

1.5% and 3% NaOCl.  Hand et al. (1978) demonstrated that 5.25% NaOCl was 

significantly more effective than 2.5%, 1.0%, or 0.5% at dissolving necrotic tissue.  The 

authors also demonstrated that 0.5% NaOCl was no more effective than distilled water or 

normal saline.  This finding was supported by Stojicic et al. (2010) who published that 

there was a positive linear relationship between tissue dissolution and the concentration 

of NaOCl, and by Wong and Cheung (2014) who demonstrated that 3% NaOCl was 

significantly better at reducing the number of bacteria in dentinal tubules compared to 

0.5%.  However, evidence to the contrary has also been presented by Bystrom and 
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Sundqvist (1985), who demonstrated that the antibacterial effects of 0.5% and 5% NaOCl 

were not significantly different from each other.  The use of apical negative pressure 

(ANP) irrigation in combination with NaOCl has also been supported in the literature (da 

Silva et al., 2010).  In conventional non-surgical root canal therapy cases, ANP with 

EndoVac™ demonstrated more negative cultures to E. faecalis, while positive pressure 

irrigation (PPI) left 33% of cultures positive for E. faecalis (Hocket et al., 2008).  The 

EndoVac™ has also been demonstrated to be extremely effective at preventing extrusion 

of irrigant (Desai and Himel, 2009) which is of even greater concern for REP cases when 

there is no apical constriction and the vitality of the cells located most immediately apical 

to the developing root are of huge importance to the success of the procedure. 

Due to the lack of mechanical instrumentation, REPs rely on chemical 

debridement of the root canal system in order to remove the etiology of the pulpal and 

periapical disease process.  In the early 1990’s, Hoshino et al. (1996) identified a triple 

antibiotic paste consisting of metronidazole, ciprofloxacin, and minocycline which they 

demonstrated had the ability to kill all bacteria taken from infected root dentin, carious 

dentin, pulp space, and periapical tissues.  In cases involving REPs, TAP has been shown 

to adequately disinfect the canal and induce healing of apical periodontitis (Thibodeau et 

al., 2007; da Silva et al., 2010; Banchs and Trope, 2004; Jung et al., 2008).  However, in 

vitro, high concentrations of antibiotics had a detrimental effect on SCAP survival 

(Ruparel et al., 2012; Chuensombat et al., 2013), while CaOH2 had no detrimental effect 

on SCAP and actually increased SCAP survival and proliferation (Ruparel et al., 2012; 

Althumairy et al., 2014).  Finally, Kitikuson and Srisuwan (2016) demonstrated that TAP 

prevented SCAP attachment to dentin, while CaOH2 treatment demonstrated increased 
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cellular attachment, cell counts, and an improved cellular morphology as seen with 

scanning electron microscopy (SEM).  In addition to the negative impact on SCAP 

survival and proliferation, TAP can cause an esthetic problem of tooth discoloration due 

to the addition of minocycline (Nagata et al., 2014).  While Reynolds et al. (2009) have 

presented a technique to prevent the discoloration of dentin due to the minocycline in 

TAP, clinicians must remember that in addition to the goal of eradicating microbes, an 

effort must be made to produce an environment conducive to the attachment, survival, 

differentiation and proliferation of SCAP which seems to be best achieved by the use of 

CaOH2. 

Irrigation protocols that include 17% EDTA promote SCAP survival and 

attachment to the root, while those that include 2% chlorhexidine (CHX) appear 

detrimental to SCAP (Trevino et al., 2011).  However, while 17% EDTA is able to 

reverse the negative effect on SCAP caused by 1.5% and 3% NaOCl, it is not able to 

overcome the negative effect of 6% NaOCl (Martin et al., 2014).  It has been well 

documented (Lovelace et al., 2011; Chrepa et al., 2015) that the evoked-bleeding step 

used in the REP protocol results in the delivery of stem cells into the root canal system 

from local tissues and not from systemic circulation.  Finally, MTA can promote the 

odontogenic differentiation of SCAP cells via the NFkB pathway in vitro, enhance their 

dentinogenesis in vivo, and help to create an environment conducive to pulpal 

regeneration (Yan et al., 2014). 

Endodontic Pathogens 

It has long been established that pulpal and periapical pathology are caused by 

invasion of microbes into the pulp (Kakehashi et al., 1965; Möller et al., 1981).  The pulp 
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chamber presents a unique environment in which an infection may occur due to the low 

availability of nutrients, low oxygen tension, and bacterial interactions (Sundqvist, 1992).  

Furthermore, Fabricius et al. (1982) demonstrated that the infectious species change over 

time within the same tooth.  The relative number of obligate anaerobes will tend to 

increase over time, and the most frequently found species were Bacteroides and gram 

positive anaerobic rods at the longest time-point tested.  In the early 1990s, the genus 

Bacteroides was reclassified into Prevotella and Porphyromonas based on their ability to 

ferment carbohydrates (Shah and Collins, 1990), however, regardless of the 

nomenclature, these black-pigmented bacteria have consistently been linked with primary 

endodontic infections (Sundqvist et al., 1989; Baumgartner et al., 1992; Baumgartner et 

al., 1999).  Many different bacteria have been implemented in pulpal and periapical 

disease including Olsenella uli, Propionibacterium acnes, and Fusobacterium nucleatum 

(Rôças and Siqueira, 2010).  Eikenella corrodens and Veillonella parvula have been 

implemented in primary endodontic infections by Rôças and Siqueira (2006).  

Pseudoramibacter alactolyticus, Streptococcus spp., Olsenella uli, Fusobacterium 

nucleatum, Porphyromonas endodontalis, Filifactor alocis, Parvimonas micra, and 

Treponema denticola have been identified in the apical 5mm of root canals with apical 

periodontitis (Siqueira et al., 2009).  Bergenholtz (1974) identified that teeth which had 

undergone necrosis due to trauma typically had a mixed infection, with anaerobic 

bacteria predominating. 

Siqueira et al. (2007) noted that these infections display large individual 

variability.  Consequently, it was suggested that endodontic treatment should rely on a 

broad-spectrum antimicrobial strategy.  The same paper demonstrated that after 
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chemomechanical preparation with 2.5% NaOCl as an irrigant, 54.5% of canals showed 

negative culture results.  After 7 days of dressing with calcium hydroxide paste, 9 of the 

11 canals (81.8%) yielded no cultivable bacteria.  Twenty-eight isolates belonging to 20 

bacterial taxa were identified in initial samples.  The most prevalent taxa were 

Streptococcus spp., Fusobacterium nucleatum, and Actinomyces israelii.  Seven isolates 

belonging to 7 distinct taxa were recovered following chemomechanical debridement.  

These included Streptococcus gordonii, a Flavobacterium species, Staphylococcus 

epidermidis, Streptococcus mitis, Staphylococcus aureus, Neisseria sicca, and 

Streptococcus oralis/mitis/sanguinis.  Only two taxa were isolated from the only 2 cases 

that sampled bacteria after dressing with calcium hydroxide.  Fusobacterium nucleatum 

and Lactococcus garvieae.  While it was postulated that Fusobacterium nucleatum 

colonizing dentin specimens might be resistant to calcium hydroxide medication, 

Lactococcus garvieae is not a common endodontic pathogen and was thought to have 

been the result of leakage through the temporary restoration.  Sjögren et al. (1997) 

observed that bacteria were initially present in the root canals of all 55 teeth.  At the 

completion of instrumentation, 22 root canals (40%) still contained recoverable bacteria.  

The number of species in root canals with persistent infection ranged from one to six, and 

93% of these strains were anaerobic.  There was no indication in this study that specific 

bacteria were resistant to the chemomechanical debridement.  The most common species 

in post-instrumentation samples were Fusobacterium nucleatum, Peptostreptococcus 

micros, and Eubacterium alactolyticum. 

The involved microbiota in primary infections is conspicuously dominated by 

anaerobic bacteria, particularly gram-negative species belonging to the genera 
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Fusobacterium, Porphyromonas, Prevotella, and Campylobacter.  Gram-positive 

anaerobes from the genera Peptostreptococcus, Eubacterium, and Pseudoramibacter, as 

well as facultative or microaerophilic Streptococci have also been commonly isolated 

from primarily infected root canals (Siqueira and Rôças, 2005).  In a study using 

checkerboard DNA-DNA hybridization, Siqueira et al. (2000) demonstrated the 

occurrence of 1-17 species per canal and that the most prevalent species found in infected 

root canals were; Tannerella forsythia, Haemophilus aphrophilus, Porphyromonas 

gingivalis, Corynebacterium matruchotti, Treponema denticola, Capnocytophaga 

gingivalis, and Streptococcus intermedius.  Da Silva et al. (2002) also used the 

checkerboard technique to evaluate teeth with asymptomatic periapical lesions.  They 

demonstrated a range of 5-31 species per canal.  Tannerella forsythia, Campylobacter 

showae, Fusobacterium naviforme, and Actinobacillus actinomycetemcomitans were 

present in more than 90% of the root canals.  Other candidate periodontal pathogens such 

as Porphyromonas gingivalis, Campylobacter rectus, Prevotella intermedia, 

Selenomonas noxia, Peptostreptococcus micros, Treponema socranskii, and Treponema 

denticola were identified in the canals.  Siqueira et al. (2001) performed molecular 

analysis of purulent exudate aspirated from oral abscesses and revealed that the number 

of species ranged from 1 to 33.  The most prevalent species were: Tannerella forsythia, 

Porphyromonas gingivalis, Streptococcus constellatus, Prevotella intermedia, Prevotella 

nigrescens, Fusobacterium periodonticum, Fusobacterium nucleatum, Eikenella 

corrodens, Porphyromonas endodontalis, Actinomyces gerencseriae, and Neisseria 

mucosa.  Enterococcus faecalis has been shown to be the most prevalent species in cases 

of failed endodontic therapy (Siqueira and Rôças, 2004).  The same paper demonstrated 
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that four anaerobic species (Pseudoramibacter alactolyticus, Probionibacterium 

propionicum, Filifactor alocis, and Dialister pneumosintes) were present in about one-

half of the failed cases.  All root-filled teeth harbored at least one of the following gram-

positive bacterial species: Enterococcus faecalis, Pseudoramibacter alactolyticus, and/or 

Probionibacterium propionicum. 

Biofilms in Endodontics 

A biofilm is defined as a sessile, multicellular microbial community characterized 

by cells that are firmly attached to a surface and enmeshed in a self-produced matrix of 

extracellular polymeric substances (Hall-Stoodley et al., 2004).  The first to describe 

microbial structures consistent with those of biofilms in terms of an infected root canal 

was Nair (1987), who noted dense aggregations of cocci, rods, filaments and spirochetes 

adhered to the canal walls, forming layers of bacterial condensations.  The criteria for 

determining whether an infectious diseases can be classified as a biofilm-induced disease 

were outlined by Parsek and Singh (2003) as 1) the infecting bacteria must be adhered to 

a surface, 2) forming clusters in an extracellular matrix, 3) the infection must be confined 

to a particular site, 4) difficult to eradicate with antibiotics, 5) prevent host clearance, and 

6) elimination of the biofilm leads to remission of the disease.  The link between biofilms 

and endodontic disease was established, and apical periodontitis was classified as a 

biofilm-induced disease, by Ricucci and Siqueira (2010).   

Bacteria in biofilms are more resistant to treatment with antimicrobials compared 

to their planktonic counterparts.  Polymicrobial interactions in multispecies biofilms can 

result in resistance to antimicrobials and host immunity (Exterkate et al., 2014).  

Furthermore, the younger the biofilm, the easier it is to eradicate (Du et al., 2014).  Wang 
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et al. (2012) confirmed this finding by demonstrating that mature E. faecalis biofilms in 

dentin canals were more resistant to disinfecting solutions than young biofilms.  The 

proposed mechanisms for how resistance to biocidal agents is conferred upon biofilms 

include 1) the barrier properties of the extracellular polymeric substance that can also 

dilute antimicrobials to sublethal levels, 2) the physiological state of organisms in the 

biofilm which can include starved, stationary and dormant zones, and 3) subpopulations 

of resistant persister phenotypes (Hall el al., 2004).  6% NaOCl was the only irrigant 

capable of completely removing biofilms when compared to lower concentrations of 

NaOCl and 2% CHX (Clegg et al., 2006).  However, Dunavant et al. (2006) 

demonstrated that 1% NaOCl was equally as effective at killing E. faecalis biofilms that 

were grown in a flow cell system as 6% NaOCl. 

Nonsurgical and surgical endodontic therapy, and therefore microbiological 

endodontic research should both focus on the removal of biofilms (Svensater and 

Bergenholtz, 2004).  However, extraradicular biofilms have been described on the 

external surfaces of apical segments of roots, and have been implicated as a potential 

cause of non-healing following conventional non-surgical root canal therapy (Ricucci et 

al., 2005; Tronstad et al., 1990).  The composition of polymicrobial biofilms is difficult 

to determine using culturing techniques; therefore, the use of DNA-based methodologies 

is a more appropriate alternative (Exterkate et al., 2014). 

Calcium Hydroxide 

One of the most commonly used intracanal medicaments is calcium hydroxide.  

The CaOH2 used in the graduate endodontics clinic at the University of Minnesota is 

Ultracal® which his 35% CaOH2, H2O, hydroxyapatite, and a water-soluble thickener, 
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which classifies Ultracal® as a CaOH2 product with an aqueous vehicle that provides 

rapid release and maintenance of a high pH (Fava and Saunders, 1999).  The pH of 

CaOH2 is approximately 12.5.  The hydroxyl ions create free radicals that destroy 

components of bacteria cell membranes, and react with bacterial DNA preventing cell 

replication (Siqueira and Lopes, 1999).  While this medicament has been widely used for 

chemical debridement during non-surgical root canals, treatment of resorptive lesions, 

and apexification procedures, the medicament is not ideal.  The low solubility and 

diffusibility of CaOH2 may make it difficult to reach a rapid and significant increase in 

the pH to eliminate bacteria present in biofilms, dentinal tubules, tissue remnants, and 

anatomic variations.  Similarly, the buffering ability of dentin helps to stabilize the pH 

and reduces calcium hydroxide antimicrobial effectiveness (Haapasalo et al., 2007).  

Also, resistance to CaOH2 has been reported for some microbial species.  In an attempt to 

sidestep these limitations, combination of CaOH2 with other antibacterial substances, 

such as camphorated paramonochlorophenol (CPMC) has been proposed.  This adds a 

broader antimicrobial spectrum, larger radius of antimicrobial action, and kills 

microorganisms faster than CaOH2 alone (Siqueira et al., 2007).  However, CaOH2 has 

been demonstrated to be extremely effective at dissolving organic tissue in 1 week 

(Slutzky-Goldberg et al., 2013). 

Siqueira et al. (2007) used a mixture of CaOH2/CMPC and cultivable bacteria 

recovered from infected root canals at various treatment stages were identified by means 

of 16S rRNA gene-sequencing analysis.  When compared with initial samples, 

chemomechanical preparation promoted reduction in bacterial counts ranging from 

84.56% to 100%.  After 7 days of dressing with CaOH2/CPMC paste, 10 of the 11 canals 
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(90.9%) yielded no cultivable bacteria.  The only case positive for bacteria had 

demonstrated a 99.87% reduction in bacteria following the dressing.  Only one taxon (P. 

acnes) was isolated from the single case that sampled bacteria after dressing with 

CaOH2/CPMC.  The reason why this gram-positive anaerobic species persisted after 

every treatment step remains unknown, but it may be related to its ability to form 

biofilms and resistance to antimicrobial agents or presence in regions inaccessible to 

intracanal disinfection procedures.  

There have been publications that failed to support that negative cultures prior to 

root canal filling results in a higher success rate (Seltzer et al., 1962; Matsumoto et al., 

1987; Peters and Wesselink, 2002), or that multiple visit treatment results in a higher 

survival rate (Fleming et al., 2010; Oliet, 1983; Peters and Wesselink, 2002; Paredes-

Vieyra and Enriquez, 2012; Doyle et al., 2007).  However, there is also literature 

published to the contrary, having demonstrated an increased healing rate with those teeth 

that had a negative culture at the time of obturation (Sjögren et al., 1997; Molander et al., 

2007).  It is well known that even 2-step treatment with CaOH2 is not able to completely 

sterilize the canal, however, an intracanal medicament of CaOH2 has been demonstrated 

to improve the reduction of endotoxin levels following chemomechanical debridement 

(Xavier et al., 2013; Silva et al., 2002; Buck et al., 2001).  Safavi and Nichols (1993) 

demonstrated that the calcium hydroxide hydrolyzes the lipid A moiety of bacterial 

lipopolysaccharide (LPS), resulting in the release of free hydroxyl fatty acids.  

Additionally, it has been suggested that CaOH2 can detoxify the lipoteichoic acid (LTA) 

of gram positive bacteria, including E. faecalis through deacylation of the LTA (Baik et 

al., 2008; Baik et al., 2011).  Furthermore, it has also been suggested that bacteria 
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remaining in dentinal tubules following initial chemomechanical instrumentation may not 

simply become entombed by the obturating material and sealer, but can lead to non-

healing and persistent disease (Vieira et al., 2012).  Finally, the use of CaOH2 has been 

demonstrated to reduce periapical inflammation (Katebzadeh et al., 1999), and result in 

improved repair of periapical tissues (Leonardo et al., 2006).  However, evidence to the 

contrary has also been published indicating that calcium hydroxide treatment resulted in a 

lower success rate, more symptoms at follow up appointments, and a longer time to 

healing (Weiger et al., 2000). 

Sjögren et al. (1997) observed that the success rate for teeth with positive samples 

at the time of root filling was 68%, while the success rate for teeth with negative samples 

at the time of root filling was 94% with a 5 year follow-up.  Despite the adequate 

chemomechanical debridement of the teeth in this study it was not possible to reliably 

eliminate all microbes from the root canal in one visit.  The authors suggest that filling of 

initially infected root canals should be delayed until after a suitable period of medication 

and with antimicrobial dressing.  This suggestion was supported by McGurkin-Smith et 

al. (2005) who demonstrated that the percent of negative cultures went from 47.3% to 

86.7% after CaOH2 placement.  The interappointment placement of CaOH2 significantly 

reduced the number of canals that cultured bacteria and the authors postulate that its use 

may increase the prognosis of teeth with apical periodontitis.  Shuping et al. (2000) were 

in agreement after finding an increase from 61.9% to 92.5% of canals did not sample 

bacteria following a larger apical preparation and at least 1 week of CaOH2. 

Another topic for debate is the length of time that calcium hydroxide should be 

left in the canals.  The hydroxyl ions must have an opportunity to dissociate in order to 
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have an antibacterial effect.  However, with extended periods of time, the teeth will 

weaken due to the presence of calcium hydroxide (White et al., 2002).  Holland et al. 

(2008) demonstrated improved repair of periapical tissues in dogs with a 14 day 

application when compared to a 7 day application.  However, other publications indicate 

that 7 days is adequate or even more desirable (Slutzky-Goldberg et al., 2013).  Cvek et 

al. (1976) advise that the application of calcium hydroxide has previously been shown to 

eliminate bacteria efficiently from the root canal when used as an intracanal dressing for 

1 month.  Sjögren et al. (1991) tested the efficacy of a 10 minute application as compared 

to a 7 day application of CaOH2.  Thirteen of the 14 strains isolated after calcium 

hydroxide application were anaerobic.  The facultative anaerobe isolated was E. faecalis.  

Strains which could not be classified to the species level were anaerobic, non-motile, 

small, non-pigmenting rods.  They were identified as Fusobacterium, Bacteroides and 

Lactobacillus species.  In this study calcium hydroxide was shown to be highly effective 

when in place for 7 days.  However, when calcium hydroxide was applied for 10 minutes 

the material was ineffective at eliminating bacteria which remained following 

chemomechanical debridement as half of the canals still contained detectable bacteria.  

The authors suggest that this may have been because the medicament did not have time to 

diffuse to the necessary locations.  When calcium hydroxide is applied to the root canal 

for 1 month, a diffusion gradient of hydroxyl ions develops resulting in higher pH values 

centrally than at the periphery of the root (Tronstad, 1981).  Therefore, it is believed that 

bacteria may be protected from exposure to hydroxyl ions by the buffering capacity of the 

dentine, the smear layer, and pulp tissue/biofilms in dentinal tubules. 
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Calcium hydroxide is also a commonly used endodontic material for the treatment 

of inflammatory root resorption.  The theory is that hydroxyl ions will diffuse through the 

dentinal tubules and raise the pH in the external resorptive defect which will inactivate 

the clastic cells causing the resorption.  Tronstad et al. (1981) demonstrated that untreated 

teeth with pulpal necrosis showed a pH of 6-7.4 in pulp, dentin, cementum, and 

periodontal ligament.  Teeth with complete root formation that had been treated with 

calcium hydroxide showed pH values in a circumpulpal dentin of 8-11.1, and in a more 

peripheral dentin of 7.4-9.6.  Therefore, it does not appear that calcium hydroxide is able 

to achieve the advertised pH of 12.5 in vivo.  A similar study be Nerwich et al. (1993) 

demonstrated that the baseline pH for all dentin artificial resorptive defects, and the intact 

root surface was approximately 8.5.  Following intracanal placement of CaOH2, cervical 

dentin settled at a pH of 10 after 24 hours, apical dentin settled at pH 9.5 after 2 weeks, 

cervical outer dentin settled at pH 9.3 after 3 weeks, and apical outer dentin settled at pH 

8.4 after 28 days.  It was also noted that the peak pH levels of inner dentin were higher 

than those of the corresponding outer dentin.  The authors propose three possible 

explanations for this observation: 1) there were fewer dentinal tubules communicating 

with the external root surface per unit area, 2) tubule diameter decreases towards the 

outer root surface, and 3) the hydroxyl ion concentration decreases further away from the 

main canal.  Furthermore, Haapasalo et al. (2007) postulated that dentin could be 

expected to have the same buffering effect on acids and bases as bone apatite which is 

known to be a major carbonate reservoir for maintaining the body’s acid-base balance.  

Haapasalo et al. (2000) actually observed the inhibition of CaOH2 by dentin.  Dentin 

powder was incubated with bacteria and either endodontic disinfectants or water.  



 

21 

 

Samples for bacterial growth were obtained at different time intervals and cultured to 

measure antibacterial effectiveness of the medicaments and bacterial survival.  Samples 

incubated without dentin powder were used as positive controls.  These experiments 

clearly showed that dentin powder effectively abolished the killing of E. faecalis by 

calcium hydroxide, while in the positive control, which contained no dentin powder, 

calcium hydroxide killed E. faecalis cells in a few minutes.  

Finally, it is worth noting that calcium hydroxide is not equally effective against 

all microbes.  Evans et al. (2002) demonstrated that that the tolerance to alkaline pH of E. 

faecalis was dependent on a proton pump, and that it is likely that tolerance of high pH 

by oral yeasts is also dependent on a proton pump in the plasma membrane of the yeast 

cells. Haapasalo et al. (2007) compared the susceptibility to high pH of E. faecalis and 

oral yeasts and found that yeasts, such as Candida albicans, were equally or more 

resistant to high pH by calcium hydroxide than E. faecalis.    Thankfully, while testing 

the resistance of C. albicans to alkaline pH, Waltimo et al. (1999) also observed that a 

saturated solution of calcium hydroxide in vitro, could effectively kill E. faecalis within 

20 minutes, and C. albicans within 6 hours. 

Molecular Methods in Endodontic Microbiology 

The first published article applying molecular analysis for the investigation of 

root canal microbiota was published by Conrads et al. (1997) when the PCR technique 

was used to target specific DNA sequences in samples taken from infected root canals.  

Until then, culture and phenotype methods of identification were the most commonly 

used methods to determine the quantity and identification of microbes in endodontic 

infections.  Endodontic microbiota is often underrepresented by using culture methods.  
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About 40% to 55% of the bacteria found in endodontic infections have not yet been 

cultivated by standard culture techniques (Siqueira et al., 2007).  The PCR technique is 

widely regarded as highly sensitive for the recovery of DNA.  There are many factors that 

influence the ability of PCR to detect nucleotide sequences, and these include primer 

design, amplicon size, inhibition factors, and cycle number.  Higher cycle numbers 

increase sensitivity, and it is generally regarded that 35-40 cycles provide optimum 

amplification with limited artifacts (Figdor and Brundin, 2016). 

The 16s rRNA gene is present in all bacteria and contains alternating regions of 

sequence conservation and heterogeneity.  PCR primers complementary to conserved 

regions can amplify the 16S rRNA gene from virtually all bacteria, whereas the 

information in areas of sequence heterogeneity can be used to characterize isolates to the 

genus or species level.  16S rRNA gene sequencing allows bacterial identification that is 

more robust, reproducible, and accurate than that obtained by phenotypic testing 

(Siqueira et al., 2007).  The 16S rRNA gene sequencing method has emerged as a 

valuable tool for the identification of bacterial isolates, and unlike phenotype-based tests, 

this molecular approach can provide unambiguous data for identification of isolates that 

are unreactive in biochemical tests, species with atypical phenotypes, rare isolates, or 

poorly described bacteria (Siqueira et al., 2007).  Rôças et al. (2016) employed a 

quantitative culture-independent molecular microbiology assay to compare the 

antibacterial effectiveness of 2.5% NaOCl and 2% CHX used as irrigants during the 

chemomechanical preparation of infected root canals associated with primary apical 

periodontitis lesions.  The levels of total bacteria and Streptococcus spp. were quantified 

before and after chemomechanical procedures by using a 16S rRNA gene-based 
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quantitative real-time PCR (qPCR).  This study found that more than 95% of the bacterial 

population levels were eliminated by instruments and irrigants, however, 44% of the 

canals irrigated with NaOCl and 40% irrigated with CHX still had residual bacteria.  

These findings highlight not only the usefulness of molecular methods in microbiological 

research, but also the need for adjunctive antimicrobial agents such as CaOH2.  Culture-

independent molecular microbiology methods are expected to provide a more accurate 

comparison of the antibacterial effects of clinical procedures than culture because they 

exhibit higher sensitivity to detect low levels of bacteria and have the ability to detect 

culture-difficult and as-yet uncultivated bacteria.  However, it is a DNA-based approach, 

which can detect DNA from bacteria that recently died in the canal (Rôças et al., 2016). 

The sensitivity of molecular methods is typically seen as an advantage of the 

technique.  Certain bacteria, such as E. faecalis, can remain alive while not metabolically 

active.  This may prohibit certain species from being cultured in vitro during periods of 

quiescence.  However, these bacteria maintain the ability to become more active, divide, 

and become harmful to the host.  Thus, molecular techniques seem to be of great 

advantage over the older culture methods (Kim et al., 2013).  However, one concern 

about molecular methods such as PCR using the 16S rRNA sequence is that the method 

is too sensitive, and will amplify microbes that are present, but in such small quantity that 

they are unlikely to contribute to the pathogenesis of the disease.  The use of a 

quantitative method, such as qPCR, can reduce the negative effects of high sensitivity 

because the method allows investigators not only to detect, but to quantify the proportion 

of DNA present.  (Kim et al. 2013). 
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The chemical composition of teeth presents a special issue in relation to DNA 

collection due to the strong binding affinity of hydroxyapatite for DNA.  This provides an 

advantage for scientists because they have the ability to recover DNA from extremely old 

animal and human sources.  Yet, it also presents special challenges in endodontic 

microbiology.  One of the implications from this work is that microbial biofilms, which 

contain extracellular DNA (Whitchurch et al., 2002), potentially leave long-lasting traces 

of DNA highly bound to the tooth surface.  Thus, any microbial biofilm that has had 

intimate contact with any part of the tooth has the potential to leave detectable traces of 

microbial DNA for extended periods.  Removal of the dentin-bound DNA presents an 

unsolved challenge, however, NaOCl is generally regarded as essential for the removal of 

DNA (Figdor and Brundin, 2016). 

Various molecular approaches have been utilized to limit the detection of DNA 

from dead bacterial cells and to improve the specificity of the qPCR technique for the 

quantification of bacteria in endodontic infections.  Because messenger RNA (mRNA) is 

expressed only in living cells and has a short half-life, the presence of measurable mRNA 

is one marker of live cells that has been suggested.  However, there are few studies that 

have applied it to endodontic microbiology because it is very difficult to apply to clinical 

samples (Figdor and Brundin, 2016).  Furthermore RNA-based methods do not permit 

precise quantification of bacterial load because RNA levels may vary depending on the 

physiological status of the cell, and mRNA has a short half-life (Pinheiro et al., 2016).  

Another strategy to detect only viable bacterial DNA is based on the selective 

permeability of intact membranes.  Samples can be treated with propidium monoazide 

(PMA), which does not cross the cellular membrane of living cells.  However, if the cell 
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has experienced membrane damage, the PMA will enter the damaged cell and act as an 

intercalating dye that binds to the bacterial DNA and prevents its amplification.  Thus, 

only the DNA of membrane-intact cells should be detected by PCR in PMA-treated 

samples.  The use of PMA was recently combined with qPCR to allow quantification of 

viable bacteria in clinical samples (Pinheiro et al., 2016). 

The use of PMA may have some disadvantages.  Klein et al. (2012) advise that 

the main drawbacks are the penetration of PMA in viable cells with reversibly damaged 

membranes, and the limited access of this chemical to all dead microorganisms.  

Therefore, the authors recommend that particular attention should be paid to sample 

homogenization when adding PMA, to allow optimum access of this chemical to DNA 

from dead cells, and cells with damaged membranes, in addition to the extracellular 

DNA.  A study by Exterkate et al. (2014) demonstrated that a PMA treatment step did 

alter the composition of bacterial DNA amplified by PCR after biofilms were rinsed with 

water or 0.2% CHX.  The authors observed that the composition of water-rinsed biofilms 

did not change substantially as a result of post-rinse treatment with PMA, while a 

difference was noted after CHX treatment.  However, the authors also discuss the less 

than ideal selectivity of PMA, as was demonstrated by the interaction of PMA with cells 

that were still capable of growing.  This finding was confirmed by Pinheiro et al. (2016) 

who observed that PMA treatment led to a log10 reduction in DNA amplification of viable 

cells of E. faecalis when compared with the untreated group.  The authors suggest that 

this may have been due to the presence of dead cells within the fresh cultures of E. 

faecalis.  Further complicating the question of PMA selectivity for nonviable cells was 

that the same finding was not demonstrated live cell suspensions of P. intermedia, which 
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suggests that the selectivity of PMA may vary between species.  The authors have also 

tested the PMA-qPCR assay on a gram-negative species, F. nucleatum, and no difference 

was found with or without PMA treatment (Pinheiro et al. 2016). 
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SPECIFIC AIMS 

1. To determine the length of calcium hydroxide medication most appropriate for 

killing a biofilm sourced from a clinical case treated with a regenerative 

endodontic procedure. 

2. To characterize the bacterial community found in an infected tooth with clinical 

features of those treated with regenerative endodontic procedures. 

HYPOTHESIS 

 As the length of time that the biofilm is exposed to calcium hydroxide increases, 

the amount of detectable intracellular DNA will decrease, as measured by real-time 

qPCR with PMA labeling. 

NULL HYPOTHESIS 

 The length of time that the biofilm is exposed to calcium hydroxide will have no 

impact on the amount of detectable intracellular DNA remaining after the experimental 

time period, as measured by real-time qPCR with PMA labeling. 
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MATERIALS AND METHODS 

Root Segment Preparation 

Extracted teeth were collected from various surgical offices and stored in 0.9% 

sodium chloride (NaCl) with 0.2% sodium azide (NaN3).  Single canal distal roots for 

mandibular molars, palatal roots of maxillary molars, maxillary anteriors, and single 

canal premolars were used for root sections.  The apical 3mm of each root was discarded.  

Roots were cut axially with a rotating hard tissue saw into 5mm sections and the 

segments were instrumented to a size 100.02 hand file.  The prepared segments were then 

replaced in NaN3.  The decontamination sequence included an ultrasonic bath for 15 

minutes in 5.25% NaOCl, 15 minutes in 17% EDTA, and an additional 15 minutes in 

5.25% NaOCl.  The roots were then soaked for 15 minutes in Sodium thiosulfate 10% 

(Riccochemical, Arlington, TX) followed by a rinse with 1x phosphate buffered saline 

(PBS). 

Bacterial Sampling 

4 bacterial samples were collected from REP cases in the graduate endodontics 

department at UMN.  A pilot study demonstrated which sample was able to be cultured 

best in basal mucin medium (BMM, Appendix 1), and that sample was used for the 

experiment.  One of the samples was suspected of having been contaminated, and the 

remaining 2 failed to amplify during the HOMINGS speciation portion of the project.  

Sample collection was performed under approval of the University of Minnesota’s 

Institutional Review Board.  Following rubber dam isolation and access, a sterile #15 

stainless steel hand file was used to collect necrotic debris and immediately transferred to 
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1.0ml liquid transport medium (AS-916 Anaerobe Systems, Morgan Hill, CA).  The 

samples were added to 10ml BMM and incubated in the anaerobic chamber for 48 hours.  

The culture was centrifuged at 10,000 rpm at 4°C for 10 minutes.  The pellet was 

resuspended with 1.0ml BMM with 20% glycerol and stored at -80°C. 

Biofilm Growth 

Inoculated 10µl of the stock bacteria into 10ml BMM and incubated in the 

anaerobic chamber overnight at 37°C.  The overnight culture OD600 was measured as 

0.532 with a spectrophotometer.  The root sections were placed in 14ml plastic tubes 

(Falcon, Tamaulipas, Mexico) with 2ml of culture.  Biofilms were allowed to grow for 6 

days in the anaerobic chamber at 37°C. 

CaOH2 application 

Following biofilm growth, calcium hydroxide was applied to the entire external 

root surface, as well as the lumen of the canal using a sterile paper point and Ultracal® 

(Ultradent, South Jordan, UT). The root segments were randomly assigned to 7 groups 

which each had 10 root segments per group.  Group 1 was the positive control and had 

the bacteria harvested for qPCR immediately after biofilm growth.  Group 2 was exposed 

to 1 week of CaOH2.  Group 3 was exposed to 2 weeks of CaOH2.  Group 4 was exposed 

to 3 weeks CaOH2.  Group 5 was exposed to 4 weeks CaOH2.  Group 6 was exposed to 4 

weeks of sterile BMM with weekly replacement of the medium and was not exposed to 

CaOH2.  Group 7 did not receive biofilm growth, it was added to sterile BMM instead of 

bacterial stock during the biofilm growth phase and then received 4 weeks of CaOH2.  

With the exception of one half of the root segments in group 1, all other groups were 
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rinsed in 1x PBS following the experimental period and then replaced in 2ml of BMM 

and returned to the anaerobic chamber for 1 week regrowth of cultivable bacteria 

following their CaOH2 treatment.  Following the regrowth period, root segments were 

rinsed with 1x PBS and then all root segments from each group were combined prior to 

harvesting DNA. 

PMA addition 

For samples requiring PMA, PMAxx dye 20mM in dH2O (40069 Biotium, 

Hayward, CA) was prepared with samples to a final concentration of 25µM.  Tubes were 

incubated in the dark for 15 minutes at room temperature.  Samples were then exposed to 

blue LED light for 15 minutes to cross-link PMA to DNA.  Bacteria were centrifuged at 

12500xg at 4°C for 10 minutes. 

DNA Extraction Protocol 

Samples were suspended in 150µl of Tris-EDTA buffer.  1µl of Ready-Lyse 

Lysozyme was added to each sample and incubated at 37°C overnight.  150µl of gram 

positive cell Lysis Solution was added to each sample and mixed with pipetting action.  

1µl Poteinase K was added to each sample prior to incubating at 65°C for 30 minutes, 

with a brief vortexing every 5 minutes.  The samples were cooled to 37°C and then 

placed on ice for 3-5 minutes.  Each sample received 175µl of MPC Protein Precipitation 

Reagent to 300µl of lysed sample and was then vortexed vigorously for 10 seconds.  

Samples were centrifuged at 4°C for 10 minutes at 12,500 rpm in a microcentrifuge, and 

then immediately placed on ice.  The supernatant was transferred to a clean 

microcentrifuge tube and the pellet was discarded.  500µl of isopropanol were added to 
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recover the supernatant by inverting the tube 30-40 times before being placed on ice for 

10 minutes.  DNA pellet was collected following centrifugation at 4°C for 10 minutes at 

12,500 rpm in a microcentrifuge, by pouring off the isopropanol, being careful not to 

discard the pellet.  A pipet tip was used to remove the remaining isopropanol without 

dislodging the DNA pellet.  The pellet was rinsed with 500 µl 75% ethanol twice, and the 

DNA was resuspended in 10ul H2O (Sigma, W4502).  The DNA was Stored at 4°C 

overnight and then transferred to the -80°C freezer until all samples had been collected.   

qPCR 

All reaction components were thawed and mixed with 15 seconds of 

centrifugation to ensure homogeneity.  S1 was undiluted (100) stock PCR standard.  

Serial dilutions were performed to create standards S2 to S11 (10-1 to 10-10).  Ten 

autoclave-sterilized 0.65ml microcentrifuge tubes were labeled S2 to S11.  The eleven 

standards were used to create a standard curve.  For the experimental groups, using filter 

tips, 18μL of PCR water was placed into each tube containing the extracted DNA.  Tubes 

were centrifuged for 15 seconds.   A 1:10 serial dilution was performed by pipetting 2μL 

of each subsequent standard into the next tube.  Tubes were again centrifuged for 15 

seconds.  Enough Master Mix was prepared (Appendix 1) for the run.  Each reaction well 

required 24.5μL of Master Mix plus 0.5μL of template DNA.  The Master Mix was added 

to the appropriate number of wells of a qPCR plate.  Using filter tips, the template DNA 

was added to each well as well.  The 96-well qPCR plate was sealed with adhesive film.  

The plate was loaded into the PCR machine (CFX96 Touch Real-Time PCR Detection 

System, Bio-Rad, Hercules, CA).  The system cycled temperatures of 95°C for 3:15,  

60°C for 1 minutes, then a plate read, then 95°C for 15 seconds followed by 60°C for 1 
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minute and a plate read 29 more times.  The cycle finished with 95°C for 15 seconds, 

60°C for 15 seconds, increased from 60°C to 95°C with increments of 0.5°C every 15 

seconds, followed by a plate read and then finished at 95°C for 15 seconds.  The primers 

used were 338F and 518R, with sequences of 5’-CCTACGGGAGGCAGCAG–3’ and 5’-

ATTACCGCGGCTGCTGG-3’, respectively.  These primers targeted the 16s rRNA 

gene. 

Microbial Speciation 

Samples were sent on dry ice to the Forsyth lab (Cambridge, MA) for 

identification by HOMINGS (human microbe identification microarray).  Samples 

included the necrotic debris from the canal as well as the stock culture.  According to 

their website (www.homings/forsyth.org/analyses.html) species-specific 16srRNA-based 

oligonucleotide probes are used in a BLAST program (ProbeSeq for HOMINGSI) to 

identify the frequency of oral bacterial targets.  The lab currently uses 598 

oligonucleotide probes of 17-40 bases to target individual oral bacterial species.  An 

additional 94 genus-specific probes are used for more complete coverage of potential 

species. 

SEM Sample Preparation 

Root segments were collected following 1) biofilm growth, 2) sonication of 

biofilm, 4) biofilm growth and 3 weeks CaOH2, and 5) BMM exposure only.  The roots 

were fractured using a hammer and chisel to expose the dentinal tubules to the SEM.  

Samples were fixed with primary fixative containing 2% glutaraldehyde, 0.1M sodium 

cacodylate buffer, and 0.15% alcian blue at room temperature for 60 minutes, then stored 
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at 4°C.  Samples were washed with 0.1M Sodium cacodylate buffer for 5 minutes, then 

fixed in 1% osmium tetroxide (OsO4) / 0.1M Sodium cacodylate buffer for 60 minutes as 

a secondary fixation.  Samples were then washed with 0.1M sodium cacodylate buffer for 

5 minutes before a dehydration procedure involving transfer between clean beakers 

containing 50%, 70%, 80%, 95%, and finally 100% ethanol for 5 minutes each.  

Tousimis Samdi-780 Critical Point Dryer was used with CO2 for critical point drying.  

Samples were mounted with adhesive carbon tape on the SEM carrier platform.  Samples 

were coated in platinum 5Å(5nm) by using IBS/e ion beam sputtering/ Etching system 

(South Bay Technology, San Clemente, CA).  Secondary electron imaging was produced 

using a JSM-6500F (JEOL, Peabody, MA) with a voltage of 5.0kV and a working 

distance of 10.0mm.  Resolutions ranged from 500x to 13,000x. 

 

 

 

 

 

 

 

 

 

 



 

34 

 

RESULTS 

Real-Time qPcR 

Figure 1 demonstrates the results of the qPCR analysis.  The columns on the left 

indicate that the biofilm grown with our protocol resulted in a large amount of 

recoverable DNA copies, almost all of which came from cells that had intact cellular 

membranes with minimal extracellular DNA.  This was also observed when the biofilm 

was subjected to the same 7 day regrowth period in BMM as the other experimental 

groups.  However, this would have been virtually the same as doubling the biofilm 

growth period.  Therefore, the lack of an increase in bacterial DNA may indicate that the 

biofilm obtained in this study did not take 6 days to form, or that a more frequent 

replacement of media would be required to obtain a more mature biofilm.  However there 

was a slight decline in the proportion of live bacteria when the biofilm was subjected to 

the 4 week experimental period in BMM with weekly replacement.  This finding 

indicates that in the groups with longer periods of CaOH2 exposure, some of the biofilm 

would have died even if the CaOH2 had never been applied.  As the length of the CaOH2 

exposure progressed from 1 week to 4 weeks, no remarkable change was seen in the 

amount of total bacterial DNA copies recovered.  The largest difference between total 

DNA, and the amount of DNA detectable following PMA exposure is seen following 1 

week of CaOH2 exposure.  Based on these findings, there is no evidence that CaOH2 

treatment for longer than 1 week provides any additional benefit. 
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Figure 1.  Results of the qPCR analysis with and without PMA labelling.  Runs were 

done in triplicate and the averages were recorded. 
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Figure 2 demonstrates the log10 fold change seen between the total amount of 

DNA copies amplified, and the number of DNA copies amplified following PMA 

labelling.  The largest log10 fold change is seen following 1 week of CaOH2 treatment. 

 

 

Figure 2. Log fold change in copies amplified following PMA labelling. 
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Microbial Speciation 

Results of the HOMINGS speciation from the Forsyth lab revealed 121 probes 

which amplified DNA from the bacterial debris taken from the root canal, and 31 probes 

which amplified DNA from the stock culture used for biofilm growth. 

Table 1 lists the 10 species identified in the sample of necrotic debris taken 

directly from the tooth with the highest relative abundances.  There were many species 

that had relative abundances >0.00%.  Some notable species not included in the top 10 

include Olsenella uli, Porphyromonas endodontalis, Prevotella intermedia (and many 

other Prevotella spp.), and Streptococcus mutans.   

Table 1.  HOMINGS Speciation Analysis of Tooth Sample.  10 species with the 

highest relative abundance as identified from the sample of necrotic debris taken 

directly from the necrotic root canal of a permanent tooth with immature root 

formation. 

Species 

Relative Abundance 

(%) 

Gram 

Stain 

Oxygen 

Tolerance 

Atopobium sp oral taxon 

810 43.21 Positive Anaerobic 

Olsenella profusa  18.94 Positive Anaerobic 

Peptostreptococcus stomatis 7 Positive Anaerobic 

Parvimonas micra 3.49 Positive Anaerobic 

Eubacterium infirmum 2.01 Positive Anaerobic 

Peptoniphilus sp oral taxon 

375 2 Positive Anaerobic 

Clostridiales sp oral taxon 

366 1.88 Positive Anaerobic 

Peptoniphilus genus probe 1.87 Positive Anaerobic 

Shuttleworthia satelles 1.41 Positive Anaerobic 

Pseudoramibacter 

alactolyticus 1.21 Positive Anaerobic 
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Table 2.  HOMINGS Speciation Analysis Stock Culture.  10 species with the highest 

relative abundance in the bacterial stock cultured and used for biofilm formation. 

Species 

Relative Abundance 

(%) 

Gram 

Stain 

Oxygen 

Tolerance 

Prevotella buccalis 61.77 Negative Anaerobic 

Dialister invisus 33.15 Negative Anaerobic 

Slackia exigua 1.02 Positive Anaerobic 

Prevotella Genus probe 2 0.96 Negative Anaerobic 

Dialister Genus probe 1 0.39 Negative Anaerobic 

Pseudoramibacter 

alactolyticus 0.22 Positive Anaerobic 

Propionibacterium avidum 0.09 Positive Anaerobic 

Lactobacillus Genus probe 1 0.05 Positive 

Facultative 

Anaerobe 

Olsenella uli 0.02 Positive Anaerobic 

Scardovia inopinata 0.01 Positive Anaerobic 

 

Table 2 lists the 10 species with the highest relative abundance identified in the 

sample of stock culture grown in BMM that was used for the biofilm growth.  The 

species that were listed as 0.00% relative abundance from the stock culture included 

Enterococcus faecalis, Eubacterium brachy, Prevotella melaninogenica, Streptococcus 

anginosus, Streptococcus sanguinis, Treponema socranskii, Veillonella atypica, a 

Staphylococcus genus probe, and a Fusobacterium genus probe.  The species that were 

listed as 0.00% relative abundance from the sample of necrotic debris taken directly from 

the tooth included Actinomyces naeslundii, Aggregatibacter oral taxon 513, Eikenella 

corrodens, Eubacterium sulci, multiple Porphyromonas oral taxons, Prevotella 

melaninogenica, and multiple Streptococcus, Treponema, Veillonella, and Actinomyces 

spp. 
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Scanning Electron Microscopy 

 Figures 2-5 present scanning electron microscopy images (SEM) for root 

segments which received no exposure to the stock culture (sterile BMM only) (Figure 2), 

the standard biofilm growth period (Figure 3), the standard biofilm growth period and 

sonication (Figure 4), and the standard biofilm growth period followed by a 3 week 

CaOH2 treatment and sonication (Figure 5). 

 Figure 2 demonstrates a root segment having bathed in only sterile BMM during 

the biofilm growth period.  These images act as a negative control, and also demonstrate 

the effectiveness of the decontamination protocol, as well as the sterility of the BMM.  

There are no identifiable bacteria noted in these images. 

 Figure 3 demonstrate a root segment following the biofilm growth period.  

Diffuse clusters of densely aggregated rods and cocci are noted on the surface of the 

lumen of the root canal.  At higher magnifications they are seen extending into the dentin 

canals.  At 13,000x magnification we are able to identify many of the cellular 

attachments that allow bacteria to adhere to the dentin surface and provide the foundation 

for biofilm formation.  Due to the diffuse nature of the attached bacteria, and bacterial 

clusters, this biofilm would likely be considered an immature biofilm. 

 Figure 4 demonstrates a root segment following biofilm growth and sonication.  

Do to the identification of multiple rods and cocci, we can confirm that sonication was 

unable to completely remove all of the bacteria that attached to the root surface during 

the biofilm growth. 
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Figure 5 demonstrates a root segment following, biofilm growth, a 3 week 

treatment of CaOH2 and sonication.   No remaining biofilm may be seen.  However, we 

cannot conclusively say that it is not present, as the CaOH2 treatment resulted in masses 

of globular tissue on the dentin surface and within the dentin canals.  It is unclear whether 

this is remaining calcium hydroxide, or a mineral precipitate induced by the CaOH2 

treatment. 
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Figure 3.  SEM images following growth period with sterile mucin medium.  Top 

Left: 500x.  Top Right: 1,000x.  Bottom Left: 5,000x.  Bottom Right: 10,000x. 
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Figure 4.  SEM images of biofilm.  Top Left: 1000x.  Top Right: 5,000x.  Bottom 

Left: 10,000x.  Bottom Right: 13,000x. 
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Figure 5.  SEM images of the biofilm following sonication.  Top Left: 500x.  Top 

Right: 1,000x.  Bottom Left: 5,000x.  Bottom Right: 10,000x. 
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Figure 6.  SEM images of biofilm following 3 week CaOH2 treatment.  Top Left: 

500x.  Top Right: 1,000x.  Bottom Left: 5,000x.  Bottom Right: 10,000x. 
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DISCUSSION 

Real-Time qPCR 

 The results of the qPCR analysis provide some validation of the biofilm growth, 

calcium hydroxide therapy, and regrowth components of the experimental design.  

However, it also points out some design flaws.  Unfortunately, due to time and financial 

considerations, each root sample from each treatment group was not exposed to the qPCR 

individually.  This would have allowed statistical analysis of the data to help determine a 

more concrete conclusion.  However, all of the root segments were combined into the 

same vial prior to qPCR analysis.  This provides an additional source of contamination 

because if one of the samples was contaminated or demonstrated a drastically different 

pattern of growth than the others, this treatment group may appear to have a much higher 

level of DNA then what was truly present.  In every treatment group, the amount of DNA 

recovered following PMA treatment was less than the total amount of DNA recovered.  

While this experiment did not contain controls with heat-killed bacteria, it can be said 

that the PMA method of limiting PCR amplification to intracellular DNA only appears to 

have been effective.  Kim et al. (2013) demonstrated that mRNA can also be used for the 

selective detection of viable bacteria.  However, because the presence of intracellular 

mRNA molecules depends on the present metabolic activity of the cells in addition to the 

number of cells, the amount of mRNA may not be related to the number of viable cells.  

Therefore, given the demonstrable validity of PMA used in combination with qPCR, it 

may be considered the better method. 

 Unfortunately, the qPCR results must be interpreted with great caution due to the 

pH of the solution following sonication of the root samples.  The DNA extraction 
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protocol involved enzymes which may have been pH sensitive.  Furthermore, qPCR is 

most accurate with a tightly controlled, relatively neutral pH.  Using litmus paper, it was 

demonstrated that the sonicated solution from some of the experimental groups may have 

had a pH as high as 10.  Additionally, the BMM should have been run in the PCR as a 

negative control so that the background DNA could be subtracted from the experimental 

groups.  For these reasons, the qPCR data should not be used for any meaningful 

alterations to clinical REP protocol.  Further studies are required to determine how to 

neutralize things prior the qPCR analysis. 

The biofilm model used in this experiment was formed by colonization of the 

dentin surface by floating planktonic cells in a fluid that statically bathed the surface.  

However, endodontic biofilms are more likely to be caused by a caries that results in an 

already mature biofilm spreading along the dentin surface within the canal.  For this 

reason, the biofilm model in this study may not be entirely representative as that 

encountered commonly in REPs.  It is problematic to draw conclusions from 

unrepresentative biofilm models because it is well known that more mature biofilms are 

more difficult to kill.  Shen et al. (2011) observed that if biofilms were cultivated for a 

longer period of time, and had been exposed to nutrient limited phases, they were 

considerably more stable (Shen et al., 2011).  Unfortunately, we cannot infer conclusions 

concerning clinically mature biofilms with this model. 

Microbial Speciation 

Many species demonstrated a higher relative abundance in the sample taken 

directly from the tooth when compared to the sample taken from the stock culture, which 

would indicate that they did not grow well and perhaps were underrepresented in our 
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biofilm model.  These included species from the genera Actinomyces, Aggregatibacter, 

Campylobacter, Olsenella, Porphyromonas (including P. endodontalis), Prevotella 

(including P. intermedia), Streptococcus, Treponema, Veillonella, Campylobacter, 

Eubacterium, and Peptostreptococcus.  It is possible that these bacteria could have been 

cultured more efficiently with a different medium altogether.  The addition of blood may 

have provided the nutrients needed for a more representative stock culture, as BMM is 

well known to be a good medium for oral plaque bacteria which are typically bathed in 

saliva.  The examples that increased dramatically in relative abundance following culture 

in BMM were in fewer numbers, but nevertheless included Enterococcus faecalis, 

Prevotella buccalis, Propionibacterium avidum, and species from the genera Dialister, 

and Lactobacillus.  The ten species, or genus probes, of bacteria that had the highest 

relative abundance in the sample taken directly from the tooth were all gram positive and 

anaerobic.  In contrast, those taken from the bacterial stock culture derived from the 

sample, and which was used for biofilm formation, demonstrated more gram negative 

bacteria, and one instance of a microaerophilic Lactobacillus.  While all of the growth 

and experimental time periods were spent in an anaerobic chamber, samples were 

removed during the lab work including culturing, media refreshment, CaOH2 placement, 

and qPCR prep.  It is largely unknown how this may have impacted this difference 

between the two populations of bacteria.  It does raise an interesting question concerning 

the advantages of molecular methods of bacterial detection versus culture methods, as 

this study demonstrates that employing a molecular method was still dependent upon 

culturing that was required further upstream in the experimental design. 
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 Generally there were many species recognizable as commonly reported 

endodontic pathogens including those of the genera Olsenella, Peptostreptococcus, 

Pseudoramibacter, Prevotella, Lactobacillus, Actinomyces, Porphyromonas, and 

Streptococcus.  However, there were also bacteria which were not as recognizable from 

publications included in the literature review.  Those included species from the genera 

Atopobium, Clostridiales, Shuttleworthia, and Scardovia.  It is unknown whether these 

species were from sources of contamination, or whether there are certain species of 

bacteria that would preferentially grow in conditions found in cases treated with REPs.  

When one considers that publications have demonstrated links between various species 

and certain clinical findings and symptoms, it is not unreasonable to think this might be a 

possibility. 

Future studies should investigate the microbiology associated with failed REP 

cases.  The microbiology associated with failed conventional root canal therapy has been 

well documented as being similar to primary infections with an increased level of gram 

positive facultative anaerobes such as E. faecalis, and in rare cases Actinomyces spp. 

(Hancock et al. 2001; Sakamoto et al., 2008; Xia and Baumgartner, 2003).  If 1 week of 

calcium hydroxide will become the recommended length of time for the intracanal 

medicament it would be worth specifically investigating the presence of E. faecalis and 

C. albicans as both of those species have been demonstrated to be particularly resistant to 

calcium hydroxide therapy (Waltimo et al., 1999).  In addition, the role of viruses has not 

been elucidated in REP cases as it has been in other primary endodontic infections 

(Sabeti et al., 2003; slots et al., 2003). 
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SEM 

Figure 3 demonstrates that the biofilm obtained from a 6 day static bathe in our 

bacterial stock was not able to produce a mature biofilm with more complete and thick 

bacterial coverage of dentin.  While the static nature of the tubes in the anaerobic 

chamber prevented unnecessary sloughing of bacteria, it may be the case that a system 

involving exchange of media either with agitation or replacement may be necessary, in 

combination with a longer growth period, to obtain what researchers and clinicians might 

refer to as a mature biofilm.  

Figure 4 demonstrates that not all bacteria were collected from the root segments, 

and therefore, than not all bacterial DNA was included in the PCR and speciation results.  

This could be a source of experimental error.  A different collection method may have 

been able to avoid this problem.  Kho et al. (2006) pulverized their dentin samples in 

liquid nitrogen using a sterile mortar and pestle.  While this method of bacterial 

collection was used for culture and colony counting, it may be possible to use this method 

in conjunction with molecular methods to obtain a more comprehensive collection of the 

bacteria remaining following experimental treatment.   

Figure 5 demonstrates that CaOH2 may help to detach cells from the dentin 

surface, as no cells were able to be identified in these images.  However, they may be 

covered by the globular aggregates of material seen on the dentin surface.  It is unclear 

whether this is simply calcium hydroxide that was not removed during rinsing and 

sonication, or whether this is some kind of mineral precipitate caused by the CaOH2 

treatment.  It is very fortunate for patients and clinicians that CaOH2 is conducive to 

SCAP survival as it has been demonstrated that it is likely impossible to completely 
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remove the medicament from the canals (Lambrianidis et al., 1999).  Therefore, it is 

likely that at least some of the globular masses in Figure 5 are remaining CaOH2.  

However, post PMA qPCR results suggest that some live bacteria were present post 

CaOH2 treatment.  Therefore, it is likely that the material is obstructing the SEM from 

demonstrating the presence of bacterial cells on the dentin surface. 

Considerations for REPs 

Calcium hydroxide kills bacteria because of the effects of hydroxyl ions.  These 

ions readily combine with lipids, proteins, and nucleic acids.  They cause lipid 

peroxidation, increased permeability of the bacterial membrane, protein denaturation, 

enzyme inactivation, and DNA damage (Siqueira and Uzeda, 1998).  Previous studies 

have suggested that 7 days is an ideal length of time for medicament placement as it 

allows for dissociation and diffusion of the hydroxyl ions (Sjögren et al., 1991; Law and 

Messer, 2004).  However, this has been refuted by Hosoya et al. (2001), suggesting that 

the time required for optimal intracanal activity when using CaOH2 mixtures is at least 2 

weeks.  In comparison, Sousa et al. (2014), recommend a 30 day treatment of CaOH2 in 

cases of acute apical abscesses.   

Within the parameters of this experimental design, it can be said that there is no 

evidence that >1 week of CaOH2 treatment will improve the amount of bacterial killing.  

This is advantageous for clinicians as it requires less long-term temporization in the tooth 

and less of a chance of long-term CaOH2 treatment weakening the already thin dentin 

walls (White et al., 2002).  When comparing the findings of CaOH2 effects in REPs, and 

comparing them to conventional 2-step non-surgical root canal therapy, it is worth 

mentioning that the current REP protocol does not include the use of EDTA prior to the 
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placement of CaOH2.  Sen et al. (1995) used SEM to observe that bacterial penetration 

was able to extend up to 150 um into infected dentinal tubules.  Using a different model, 

Peters et al. (2001) were able to demonstrate that in axial sections of roots with necrotic 

pulps, bacteria were found in the outer third of root dentinal tubules 24% of the time.  

Therefore it is of great concern that our treatment protocol allow for penetration of our 

irrigants and medicament deep into the tubules.  Removal of the smear layer prior to 

medicament placement has been demonstrated to facilitate the diffusion of CaOH2 

through the dentinal tubules towards the external root surface (Foster et al., 1993; Saif et 

al., 2008).  Azim et al. (2016) measured the level of bacterial reduction in the dentinal 

tubules by using confocal laser scanning microscopy to directly visualize the live/dead 

bacteria within them.  The authors demonstrated that no irrigation technique tested was 

able to completely eliminate the live bacteria up to 150um depth.  Therefore, given the 

lack of mechanical instrumentation, current REP protocols are relying heavily on calcium 

hydroxide to disinfect the bacteria found deep in the dentinal tubules.  It may be 

advisable to rinse with 17% EDTA following NaOCl at the first visit to maximize the 

impact of CaOH2.  Another suggestion might be to use dilute NaOCl again at the second 

appointment prior to the EDTA rinse, as 0.5% NaOCl has been demonstrated to have an 

increase tissue dissolution effectiveness after pretreatment with CaOH2 (Hasselgren et al., 

1988; Turkin and Cengiz, 1997).  Furthermore, studies have demonstrated an increased 

effectiveness of CaOH2 when mixed with CMCP (Sukawat and Srisuwan, 2002; Rôças 

and Siqueira, 2010).  However, this mixture has not been tested for the purpose of REPs, 

nor has it been investigated with respect to its effect on SCAP survival, attachment, and 

proliferation.  This is a potential area of future research.  
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CONCLUSIONS 

1. SEM images demonstrated that the decontamination protocol, involving a rinse 

with 10% sodium thiosulfate to deactivate the NaOCl, was effective at 

decontaminating the root segments, and did not prevent bacteria from colonizing 

the dentin surface. 

2. HOMINGS 16S rRNA identification revealed some similarities and some 

difference between the bacterial communities in the necrotic immature permanent 

tooth used in this study when compared with bacterial classically known to be 

present in primary endodontic infections.  More research is needed on this topic. 

3. The BMM stock culture used for biofilm formation was not a precise 

representation of the bacteria found in the necrotic debris sample taken directly 

from the tooth.    

4. A 6 day static bath in stock culture was not able to grow a mature biofilm on the 

root segments. 

5. qPCR analysis with PMA labeling failed to support more than a 1 week exposure 

to calcium hydroxide in REP protocols.  However, these results should be 

interpreted with great caution. 
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APPENDIX 1 

 

BMM medium:       

Partially purified pig gastric mucin (M1778, SIGMA)   2.5 g/L 

Triplicate peptone (B11923, Fisher)     5.0 g/L 

Protease peptone (211684, Fisher)     10.0 g/L 

Yeast extract (Y1625, SIGMA)      5.0 g/L 

KCl (P9333, SIGMA)       33.5 mmol/L 

Hemin (H9039, SIGMA)      2.5 mg/L 

This solution was autoclaved.  Prior to use the following additions were made: 

Menadione (M5625, SIGMA)      5.8 mmol/L 

Urea (U0631, SIGMA)       1.0 mmol/L 

Arginine (A5006, SIGMA)      1.0 mmol/L 

 

 

Master Mix Components: 

PCR H2O       10 µl 

BioRad iTaq™ Universal SYBR® Green Supermix (2x)  12.5 µl 

Bovine serum albumin      1.25 µl 

Forward primer       0.5 µl 

Reverse primer       0.25 µl 

Template DNA       0.5 µl 

Total reaction mix      25.0 µl 

 


