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Chapter 1
General introduction
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The first and original aim of this thesis was to develop a new method for 
root canal disinfection. For this, we employed in-vitro models that had 
not been used before in endodontic research. For reasons of comparison, 
current root canal disinfectants have been tested too. These data have 
brought new insights into existing disinfecting procedures. Then, because 
experimenting leads to more experimenting, a second and third aim 
were formulated. Secondly, the quality of sodium hypochlorite solutions 
(NaOCl) intended for use as an endodontic irrigant was evaluated. Thirdly, 
the effect of a subinhibitory treatment with calcium hydroxide (Ca(OH)2) 
on the susceptibility of a bacterial strain was evaluated as well as the effect 
of Ca(OH)2 on the composition of biofilms.
Part 1 of the thesis deals with the development of a novel strategy in root 
canal therapy. Part 2 is about the new insights into current root canal 
disinfection with sodium hypochlorite or calcium hydroxide.

New strategy
The inner sides of a tooth consists of a root canal space which contains a 
dental pulp, the endodontium. Dental pulp consists of connective tissue 
with blood vessels, nerve endings and specialised cell that form dentine, the 
odontoblasts. The endodontium of a sound, healthy tooth is sterile. When 
the tooth surface is damaged by caries or a traumatic event, microorganisms 
can enter the tooth. This provokes an inflammatory response in the dental 
pulp tissue. Exposure of the pulp tissue to microorganisms can eventually 
result in an irreversible inflammatory response and subsequent pulp 
necrosis. Then, the microorganisms have unlimited access to the root canal 
space that becomes completely infected. The host responds to the egress of 
bacterial components or whole bacteria through the foramen at the root 
tip with an inflammatory response, apical periodontitis (AP) 101,137. 
Clinically AP can present itself as a sensitive area near the roots of a tooth 
which is tender to percussion or palpation or may cause spontaneous pain. 
Intraoral, swelling, redness and a sinus tract without or with discharge of 
pus can be observed. Sometimes, the patient suffers from continuous pain 
or episodes of severe throbbing pain. Often however, AP is asymptomatic 
and may be unnoticed unless for some other reason a radiograph is taken 
from the affected tooth. Then, AP is visible as a radiolucent area around 
the infected root tip: a periapical radiolucency on an intra-oral radiograph. 

An endodontic infection is a multispecies infection in which more than 
129 operational taxonomic units at genus level 94 or over 600 OTUs 
at species level have been found 152. As determined with a quantitative 
polymerase chain reaction assay of crushed roots on average 1.8 ×107 ±3.4 
× 107 bacteria are found per root (unpublished results A.R. Özok 2011). 
After chemo-mechanical cleaning with NaOCl irrigation, this number is 
reduced to an average of 102 – 103 bacteria per root canal whereas 60 
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– 77% of root canals showed no growth after sampling the canals with 
paper points 161,199,206. It is not possible to compare the q-PCR data derived 
from crushed roots to those acquired by paper point sampling and culture. 
Nevertheless, these numbers give an idea about the magnitude of a root 
canal infection and the quantity of bacteria which are still present after 
a state-of-the-art root canal treatment. Histology studies have shown 
persistent bacteria in biofilm formation after root canal treatment. In 
these studies however, the viability of the residual biofilms has not been 
investigated 141,179,232. 
Because, there is a causal relationship between infection of the root canal 
system and AP, disinfection of the infected root canal space is one of the 
main goals of a root canal treatment. Currently, in 20% of root canal 
infected teeth AP fails to resolve after a root canal treatment 147. In cross-
sectional studies, the prevalence of AP in root canal treated teeth is much 
higher: 35 – 47% 60,154,160. The prevalence of AP however, does not equal 
the failure rate because cross-sectional studies do not distinguish between 
healing and failing cases. On the other hand, since intra-oral radiographs 
are not very accurate in visualizing AP its prevalence may be even higher.
Radiographic examination has its limitations. Considerable loss of 
spongious bone may be invisible on intra-oral radiographs because its 
visibility depends on the density or thickness of the overlying compact 
bone 24. Therefore, the sensitivity of intra-oral radiographs in diagnosing 
AP is low. In humans, in radiographic healthy periapical regions of 
incisors, only 6% were actually free of inflammatory cells 29,196. Other 
human studies report more optimistically that 26 - 30% of lesions were 
not detected when radiographic findings are compared to the histology 
data 18,83. In a dog study, the sensitivity of intra-oral radiographs was 77% 
53. The specificity of intra-oral radiographs is nearly 100% 53. The low 
sensitivity is confirmed with cone-beam computer tomography studies 113. 
All in all, the prevalence of AP is likely to be higher than the numbers 
which were mentioned in the previous paragraph and are usually quoted 
in the literature. If the aim of root canal treatment is to prevent or cure 
AP, then it becomes obvious that there is a need to improve root canal 
disinfection to encourage the resolution of AP. Residual microorganisms 
are often present when an AP fails to resolve 136.
An important reason for persisting microorganisms is the complexity 
of root canal systems 67,92,233,247 which often hinders complete chemo-
mechanical cleaning and disinfection 141,179. Besides the complexity of the 
root canal system, chemo-mechanical cleaning is also impaired by the fact 
that root canal bacteria prevail in biofilms 142,179. A biofilm is a cluster 
of microorganisms attached to a surface or accumulated at a solid–liquid 
interface. In a biofilm the microbes are embedded in a self-produced 
matrix of extracellular polysaccharides. A biofilm can contain up to 99% 
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matrix 111. The microbial composition is usually very heterogeneous 152. 
Bacteria in a biofilm can be up to 1000-fold less susceptible to disinfection 
than planktonic bacteria 148. Moreover, currently employed agents to clean 
the root canal system such as NaOCl or chlorhexidine (CHX) are surface 
disinfectants and therefore fail to reach the intricate root canal shapes. For 
instance, elimination of bacteria from dentinal tubules cannot be achieved 
by irrigation with NaOCl alone 245. Calcium hydroxide (Ca(OH)2) is often 
used to further reduce the microbial load, but with its mild antimicrobial 
properties it is questionable whether such a reduction is feasible. Persistent 
AP is also seen in teeth with inadequate root canal filling 122,159,216 for 
inadequate obturation creates an opportunity for microorganisms to 
proliferate. 
An effective root canal disinfectant should be able to penetrate into the 
remote parts of the root canal systems to reach all microorganisms. On the 
other hand, because of the intimate relationship between the periapical 
tissues (periodontal ligament, bone, mucosa, inflammatory tissue) and 
the root canal space a disinfectant should also be non-cytotoxic. Current 
disinfectants are safe when used within the confinement of the root canal, 
although they are used in concentrations that are well above the ‘safe’ 
limits 17. Extrusion of NaOCl beyond the apical foramen into the peri-
apex, a so-called NaOCl accident, is a dreadful experience for the patient 
and the operating dentist 79,200,244. Calcium hydroxide (Ca(OH)2) causes 
cell necrosis when directly applied to tissue or cell cultures 15,190. Accidental 
extrusion of Ca(OH)2 into the peri-apex often results in pain and swelling 
52 or even nerve injury 6,198. Chlorhexidine is cytotoxic to human fibroblasts 
76,125. The development of a root canal disinfectant which is safe and 
indeed powerful enough to disinfect the entire root canal system is a great 
challenge. In remote areas of the root canal system where direct contact 
between disinfectants and microbes is not possible, the small molecules of 
salt may reach a larger area than just the main root canal by diffusion and 
as a consequence induce hyperosmotic stress in microorganisms in these 
areas.
Diffusion is a law of physics and is defined as the net movement of a substance 
(e.g., an ion, atom or molecule) from a region of high concentration to a 
region of low concentration. Osmosis is the tendency of a solvent, usually 
water, to pass through a semipermeable membrane into a solution where 
the solvent concentration is higher, thus equalising the concentrations of 
materials on either side of the membrane. The semipermeable membrane 
is permeable to the small molecules of the solvent but not to the larger 
solute molecules. The cell membrane of microorganisms acts as a semi-
permeable membrane. 
Consequently, a high osmotic environment reduces the amount of free 
water in bacterial cells which results in metabolic stress, growth inhibition 
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and eventually cell death 47,86,240. When applied in the main root canal, 
an antimicrobial agent with a high osmotic value may have an effect into 
the areas beyond the main canal. Indeed, diffusion occurs until a certain 
equilibrium within a system has been reached. The root canal system could 
well be such a system. When the root canal system is perfused with salts, 
then this salty environment may exert hyperosmotic stress in the biofilms 
present in the root canal system. Such modification of the root canal 
environment can act as a disinfectant. 
At present, in food technology, to inhibit microbial growth, mild 
treatments are applied for the preservation of freshly prepared foods. In 
the past, food was preserved by the application of extreme single barriers 
such as heat (sterilisation), extreme cold (freezing), lots of acid (pickling) 
or salt (brining). Although effective in suppressing food spoilage, these 
individual methods greatly impair the quality and taste of the preserved 
foods. Also, it was learned later that multiple barriers or hurdles could be 
even more effective, even if less of each hurdle was present. The hurdles are 
in fact environmental stress factors. Environmental stress can be defined 
as an external factor that has an adverse effect on the physiological state of 
microbial cells, leading to a reduction in growth rate or, in more extreme 
circumstances, to cell death 12. Multiple-hurdle technology deliberately 
combines a series of external factors (hurdles) that the microorganisms 
are unable to overcome (jump over). It is an effective technique to 
inhibit microbial growth because while being exposed to such hurdles, 
the microorganisms try to adapt to the environmental changes. Each 
adaptation however, demands energy and for this reason, microorganisms 
can become exhausted once there is more than one hurdle to overcome 
23,120. This exhaustion eventually may lead to cell death. 
Until this thesis, no literature was available on the elimination of existing 
biofilms with a multiple-hurdle strategy. In the root canal, besides 
hyperosmotic, or salt stress, weak-acid stress and the toxic anions of the 
weak acids can be applied. Some organic sodium and potassium salts are 
highly soluble in water, which will induce hyperosmotic stress. The weak 
acid that is formed by solubilization of such salts can induce weak-acid 
stress in microorganisms. Moreover, some of the anions of weak acids, 
such as formate, acetate and sorbate are toxic to microbes 218. Some organic 
sodium and potassium salts are generally recognized as safe (GRAS; a US 
Food and Drug Administration designation that a chemical or substance 
added to food is considered safe by experts 5. A clever combination of 
hurdles and components may result in the reduction of existing biofilm 
cells. 
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Existing strategies
During a root canal treatment, the root canals are irrigated with a sodium 
hypochlorite solution (NaOCl) to dissolve tissue remnants and to remove 
biofilm bacteria. In a NaOCl solution, the hypochlorous acid (free 
available chlorine) is responsible for its efficacy. NaOCl is very reactive 
and once it gets exposed to oxygen, light, organic matter or metals the free 
available chlorine rapidly decomposes 33,54,98,149. Because, the shelf life of 
NaOCl is limited 42 the dentist must rely on the supplier and on the proper 
storage and handling conditions that enough free available chlorine is 
present for root canal disinfectant and dissolution of necrotic tissue. In the 
dental practice, NaOCl intended for endodontic irrigation is purchased 
from dental suppliers and pharmacists or supermarkets and drugstores. 
The concentration of free available chlorine in NaOCl obtained from 
the professional sources is available in any concentration up to 5.25%. 
According to the package labels, the house-hold bleaches all contain less 
than 5% free available chlorine. It is unknown, whether NaOCl from these 
sources is equally suitable for endodontic irrigation with regard to the 
reliability of the concentration and the stability in time. In the meantime, 
in the laboratory whilst experimenting with biofilms, we discovered that 
complete biofilm inactivation with NaOCl was occasionally not achieved. 
This had everything to do with the limited shelf life of NaOCl. Because 
of the somewhat contradictory available information about the storage 
and handling of NaOCl, we decided to to assess the quality and handling 
and storage conditions of NaOCl in dental practices. Then, an evaluation 
followed about the influences of the source of NaOCl as well as dilution, 
type of diluent, storage temperature and storage conditions on the 
concentration of free available chlorine of the NaOCl solutions (chapter 
6 and 7). 
Chlorhexidine has good antimicrobial properties, however it fails to penetrate 
well into biofilms 252. CHX does not dissolve tissue and tends to precipitate 
when used in combination with NaOCl, ethylenediaminetetraacetic acid 
(EDTA) or saline 168. CHX is a cation and binds to dentine and other 
negatively charged surfaces. This is the so-called substantivity of CHX. 
Because CHX has no advantages over NaOCl it has no use in endodontic 
irrigation. In some experiments of this thesis however, CHX replaced 
NaOCl in the positive control groups, because in 96-well microtitre plates 
NaOCl tended to affect the metabolic activity of all biofilms including the 
untreated (negative) controls (Chapter 3).
Calcium hydroxide (Ca(OH)2) is used to temporarily dress the root canal 
system in between two treatment sessions, to gain additional disinfection 
and to prevent re-infection from residual biofilms. Its mode of action is 
based on its high pH of about 12.5 135. Calcium hydroxide is only a mild 
antimicrobial agent and it appears that Ca(OH)2 is not very effective 
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against biofilms 2. Nevertheless, Ca(OH)2 is used on a large scale as a 
temporary root canal dressing 117,187.
Enterococcus faecalis, a gut commensal, has been frequently isolated 
from root canals of failed endodontic treatments 90,214. Being an enteric 
bacterium, E. faecalis has intrinsic tolerances to many forms of stress. It 
can survive nutrient deprivation, acid, alkaline and high-salt environments 
143,171. Although, its presence is not always correlated with a previous use 
of Ca(OH)2, it is interesting to investigate whether Ca(OH)2 renders 
the surviving E. faecalis bacteria less susceptible to disinfection with 
NaOCl. This research question emerged when the biofilms in chapter 2 
were exposed to (Ca(OH)2 and a precipitate occurred within the biofilm 
mass. The ‘Ca(OH)2 biofilms’ became strongly attached to the substrate 
and could not be completely harvested. Then, it was suspected that the 
‘fortified’ biofilm mass could benefit the bacteria. It was also useful to 
research whether the use of Ca(OH)2 favours the growth of E. faecalis in 
multispecies biofilms, because E. faecalis is seldom isolated from a primary 
root canal infection and more often in persistent infections 194,254 (Chapters 
8, 9).

In brief, several questions have been addressed in this thesis. These are:
- Can single stress factors such as hyperosmosis or high pH eliminate 

biofilm bacteria?
- Can the antibacterial effect of salt be improved by the application of a 

multiple-hurdle strategy?
- Is a modified salt solution cytotoxic? Does dentine interact with the 

efficacy of a modified salt solution and can a modified salt solution 
reduce multispecies biofilms?

- Can a modified salt solution eliminate biofilms that cannot be reached 
with paper point sampling?

- Is the quality of NaOCl intended for endodontic irrigation in dental 
practices as good as the dentists expect it to be? Moreover, does it 
contain enough free available chlorine for root canal disinfection and 
tissue dissolution?

- In NaOCl solutions, can its source, dilution or storage explain the loss 
of free available chlorine which was discovered in the previous study?

- Is E. faecalis equally susceptible to disinfection after a previous 
subinhibitory Ca(OH)2 treatment?

- How does a Ca(OH)2 treatment influence the portion of E. faecalis in 
dual-species and multispecies biofilms?




